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Abstract
Autosomal recessive non-syndromic hearing loss (ARNSHL) is the most common cause of 

genetic profound pre-lingual hearing impairment. In recent years, a breakthrough in genetic 

research has lead to advances in mapping genes causing this condition and in elucidating their 

function. This progress brought about improvements in rehabilitation, counselling and 

development of preventative medical options, but to take advantage of these developments, 

early diagnosis is essential. This study was undertaken with the view to establishing whether, 

as an adjunct to genetic research, distinct auditory and vestibular phenotypic characteristics, 

breeding true within a sibship, might be identified, that would contribute to the resolution of 

genetic heterogeneity of the condition.

Twelve families, in whom ARNSHL was ascertained, were studied. In the affected 

children (n=23) a pre-lingual severe or profound (> 80 dB) non-progressive hearing loss was 

the most common form. In a third of subjects, balance and/or vestibular deficits were 

identified, however, these were predominantly mild and lacked the specificity required for sub- 

classifying ARNSHL cases in whom the audiometric profile is uniform.

A detailed audiometric protocol was also constructed with the aim of exploring the 

possibility of detecting asymptomatic carriers of mutant genes causing deafness from their 

audiometric profiles. Auditory aberrations were found in more than half of the carriers (14/24). 

Pure-tone audiometry and otoacoustic emissions emerged as the most sensitive tests, and, 

pending further studies, may be implemented in screening clinically normal hearing individuals 

at risk of carrying mutations that cause deafness. Furthermore, it is envisaged that the detailed 

appraisal of each test would contribute significantly to the emergence of a standardised 

investigation protocol in genetic hearing impairment.

A phenotypic-genotypic correlation in three families with mutations in the GJB2 gene 

revealed a highly variable audio-vestibular phenotype in the affected children, although in 4/6 

obligate carriers, no auditory aberrations were detected.
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U U-shaped
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Chapter 1: Introduction

1.1. Hearing impairment

Audiologically hearing impairment is defined by the degree of attenuation in thresholds to 

pure-tones measured in decibels hearing level (dB HL), relative to the hearing thresholds of 

young adults with no hearing difficulties, who are tested in standardised quiet conditions.

Based on this definition, approximately 8.58 million of the 43 million or so adults in Britain 

have a significant hearing impairment in both ears (Davis, 1994). The majority of those adults 

are affected by presbyacusis, a condition characterised by a gradual onset of hearing loss with 

increasing age. The slow progression and late onset of presbyacusis in adults facilitates 

adaptability to the condition and results in few disabilities or handicaps.

By contrast, pre-lingual onset of permanent, bilateral, severe or profound hearing 

impairment often has a devastating effect on normal development and communication skills. 

Pre-lingual hearing loss affects 1.1 of every 1,000 children under five in Britain (Davis & 

Parving, 1993), and hereditary factors are estimated to account for approximately half (1 in 

2000) of the cases (Fraser, 1976). It is difficult to be exact because only a proportion will have 

a family history, and in some cases the hearing impairment may not be present at birth, but will 

develop later on in life (Morton, 1991). As the average number of births per day in the UK is 

just over 2000, one newborn a day is expected to have hereditary hearing impairment.

In families in whom parents and children are severely hearing impaired, effective use 

of sign language at an early age would allow the acquisition and development of cultural 

values and a sense of personal identity in ways that parallel these processes in normal hearing 

individuals (Christiansen, 1991). However, the majority of children with severe or profound 

congenital hearing impairment are bom to normal hearing parents, where effective 

communication between the child and parents is frequently ineffective, and the process of 

socialisation is likely to be truncated. Often, these problems incur not only poor educational 

achievement and low income, but also isolation and loneliness (Meadow-Orlans, 1987). These 

diverse effects highlight the importance of normal hearing as a sensory function, particularly in 

early childhood, when it forms the foundation of our communication skills, primarily through 

linguistic channels.

Health professionals who work with the hearing impaired need to constantly review the 

nature and priority of prevention and rehabilitation programmes that are available to those 

affected by early-onset hearing impairment. There is a continuous need to improve and target
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facilities more effectively, if we are to strive to make a real difference to the quality of life of 

those already affected, whilst simultaneously applying preventative methods to those who are 

at risk. This can only be done if the aetiology of the condition is delineated, and the needs of 

deaf individuals are better understood.

1.2. The auditory system

In the vast majority of isolated pre-lingual hearing loss, the pathology involves the peripheral 

auditory organ (Figure 1.1), which is described below in detail (section 1.2.1-1.2.3).
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Figure 1.1. The peripheral auditory system. From: R.G. Kessel and R.H. Kardon: Tissues and 

Organs: A Text Atlas o f  Scanning Electron Microscopy. W.H Freeman and Company, 1979.

From the brainstem to the auditory cortex in the temporal lobe there is almost a tenfold 

increase in the number of ascending fibres, and the pathways become more complex 

anatomically and physiologically, with numerous decussations and parallel output pathways, 

which appear to subserve different hearing functions (Palmer, 1995). These features of the 

central auditory nervous system confer redundancy for basic functions, such that the effect of 

pathology is likely to involve subtle aspects of hearing, but rarely leads to a hearing loss per se. 

By contrast pathology involving the peripheral auditory apparatus almost always results in a 

threshold deficit, lateralized to the impaired side.
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Chapter1: The auditory system

1.2.1. The outer ear

The outer ear consists of the pinna and the external auditory canal. The pinna has an 

asymmetrical, three-dimensional shape, which contributes to the identification of the direction 

of sounds in space. The pinna and ear canal channel sounds to the middle ear, and the 

resonances of these structures serve to enhance the sensitivity of sound frequencies by between 

15-20 dB, in the 2.5-4 kHz region, the exact frequencies depending on the individual 

dimensions and any occlusion (Pickles, 1988; Steel & Palmer, 1996).

1.2.2. The middle ear

Sound pressure variations in the ear canal are transformed to the scala vestibuli (Figure 1.2A) 

of the cochlea via the middle ear. This is not just a simple transfer mechanism, as, in addition 

to the conduction of sound energy, the middle ear makes up for loss of sound pressure caused 

by the impedance mismatch between the medium of air in the external canal and the cochlear 

fluids. The overall amplification, of approximately 30 dB, is achieved primarily by the 

difference in the area of the tympanic membrane relative to that of the oval window. The ratio 

of the length of the handle of the malleus and the incus lever, and the conical shape assumed 

by the tympanic membrane as it moves in and out, so that the arm of the malleus moves less 

than the surface of the membrane, add further small gains, leading to an increase in force and a 

reduction in velocity at the stapes. Contraction of the two middle ear muscles, the stapedial and 

the tensor tympani, that are innervated by the facial and trigeminal nerves respectively, provide 

a protective mechanism for external, low frequency, loud sounds and internal effects of 

vocalisation (Pickles, 1988; Steel & Palmer, 1996).

1.2.3. The inner ear

The inner ear, or labyrinth, contains the sensory organs of hearing and balance. The bony 

labyrinth is divided to three chambers. The auditory organ, the cochlea, is found in the anterior 

chamber, whereas the vestibular organs are housed in the middle and posterior chambers. The 

osseous labyrinth contains perilymph, a fluid that is similar in ionic composition to the extra

cellular fluid. The fluid surrounds the membranous labyrinth, which contains within it
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endolymph, a fluid similar to the intra-cellular fluid, which, in contrast to the perilymph, has a 

high potassium and low sodium concentration.

1.2.3.1. The cochlea

The cochlea is a spiral structure, with a central cavity called the modiolus. It is divided 

longitudinally into three chambers, known as the scala vestibuli, scala media and scala tympani 

(Figure 1.2A). Only the scala media contains endolymph. The scala media is separated from 

the scala vestibuli by Reissner’s membrane and from the scala tympani by the basilar 

membrane.

The auditory transducer, the organ of Corti, sits on the basilar membrane, and is 

composed of receptor cells, their nerve endings and supporting cells. There are approximately 

15,000 hair cells in man, arranged in one row of inner hair cells (IHC), and three rows of outer 

hair cells (OHC) across from the tunnel of Corti (Figure 1.2B). The tectorial membrane, a 

gelatinous body that is fixed on its inner edge only to the limbus, covers the organ of Corti.

The vibrations of the stapes are transmitted to the oval window, a thin membrane 

linking the middle ear with the scala vestibuli, causing displacement of the cochlear fluids 

towards the round window, which opens on to the scala tympani. The displacement initiates 

movement of the basilar membrane and structures attached to it, stimulating the sensory 

receptor cells of the organ of Corti (Von Bekesy, 1947). When the basilar membrane moves 

up and down, a wave-like motion, known as the travelling wave, is produced from the base of 

the cochlea to the apex. This is possible because an opening at the apex connects the two outer 

scalae. The basilar membrane decreases in width from the apical to the basal end, along the 

length of the cochlear duct.

By contrast, the width of the cochlear duct changes in the reverse direction (Pickles, 

1988). This leads to variations in stiffness of the basilar membrane. The stiffness gradient of 

the basilar membrane results in the maximum amplitude of vibration moving progressively 

towards the apex as the frequency of the stimulus decreases. In effect, this stiffness gradient 

acts as a passive filter, resulting in a preferential response to high-frequency sounds at the base 

of the cochlea and low-frequency sounds at the apex.
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Figure 1.2. Schematic diagram of the cochlea. (A) Section through the cochlea; B) Section through 

the organ of Corti. From J.O. Pickles: An Introduction to the Physiology o f  Hearing. London, 

Academic Press, 1988.

However, the basilar membrane is far better tuned than can be accounted for by the passive 

filtering of the basilar membrane movement alone. Further finer tuning is attributed to the 

outer hair cells, which appear to change their length in response to electrical stimulation and 

contract and expand in response to changes in the cochlea, caused by sound stimuli. This is an 

active process, which enhances the movement of the basilar membrane in restricted spatial 

regions (Steel & Palmer, 1996). The recent development of otoacoustic emission

22



Chapter 1: The auditory system

measurements provides an effective, non-surgical way of evaluating OHC function (see 

section 1.13.5 below).

The travelling wave causes the organ of Corti and tectorial membrane to move in a 

lateral direction relative to each other, resulting in deflection of the stereocilia (hairs). The 

stereocilia are linked to each other by fine threads at their tips (tip links), which are thought to 

play an important role in converting mechanical energy of sound to electrical impulses 

(transduction mechanism) in the cochlea. Bending of the tip links either towards the kinocilium 

(a single thick and long hair) or away from it modulates the potassium current passing through 

the top of the hair cells. This is reflected in a change in the intra-cellular potential, triggering 

either an increase or a decrease in the neural action potential in the afferent neurone. The hair 

cells synapse at the base with neurones at the modiolus. The axons of these neurones form the 

cochlear nerve, which projects to the cochlear nucleus and higher auditory centres within the 

central nervous system.

1.3. Classification of hearing impairment

The sensitivity of hearing to pure-tones at octave frequencies is plotted on a graph known as the 

audiogram. The pure-tone thresholds are obtained in two ways: (a) air-conduction thresholds, where 

sound are delivered to the ear via headphones placed on the ears and (b) bone-conduction 

thresholds, where sounds are delivered to the ear via a bone vibrator placed on the mastoid process 

behind the ear. Air-conduction thresholds are a composite figure, reflecting the passage of sound 

from the outer canal, through the middle ear to the sensory organ in the inner ear. Bone-conduction 

thresholds reflect the integrity of the auditory sensory organ only, because the vibrations stimulate 

the cochlea directly, bypassing the conduction mechanism of the outer and middle ears. The 

comparison of air and bone conduction thresholds forms the basis of classification of hearing loss 

into conductive, sensorineural or mixed.

1.3.1. Conductive hearing loss

When the air-conduction thresholds are abnormal, but bone-conduction thresholds are normal, the 

hearing loss is said to be conductive (Figure 1.3). It implies the presence of pathology in the outer 

and/or middle ears, which interferes with the normal conduction of sounds to the inner ear, leading
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to attenuation of air-borne sounds prior to their reaching the intact cochlea A purely conductive 

hearing loss does not raise the thresholds by more than 50-60 dB.

1.3.2. Sensorineural hearing loss

When both air- and bone-conduction thresholds are diminished to the same degree, the hearing loss 

is said to be sensorineural (Figure 1.3). Sensorineural hearing loss implies damage to the cochlea 

itself, and/or to the neural connections beyond it, with the conduction mechanism of the outer and 

middle ears being intact. Objective and subjective audiometric investigations are available, that can 

help to differentiate sensorineural hearing loss into cochlear or retro-cochlear, depending on whether 

the pathology is found within the sensoiy organ itself or beyond it, either in the eighth nerve or the 

central portion of the pathways (see section 1.12.1 below).

F igu re  1.3. A u d iogram s sh ow ing  (top  left) con d u ctive  h ea r in g  loss; (top  righ t) sen sorin eu ra l h earin g  

loss; (B e lo w  cen tre) m ixed  h ear in g  loss.

Key: O = right ear air-conduction thresholds. [ = Masked bone-conduction thresholds.

1.3.3. Mixed hearing loss

When both air- and bone-conduction thresholds are diminished, but air-conduction thresholds are 

worse than bone-conduction thresholds, the hearing loss is said to be mixed (Figure 1.3). This type
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of audiogram indicates that a component of the hearing loss is conductive, and a further component 

is sensorineural. The gap between the air- and bone-conduction thresholds on the audiogram is 

known as the air-bone gap, and reflects the degree of sound attenuation caused by the 

malfunctioning outer and middle ears.

1.4. Causes of pre-lingual hearing impairment

Early detection and diagnosis of congenital and pre-lingual onset of severe or profound hearing 

impairment is most important, as it has far reaching implications for planning successful 

rehabilitation (especially in children with multiple abnormalities), possible preventative 

medical options and for counselling.

Congenital hearing impairment can be acquired, genetic, or multifactorial, the latter 

referring to hearing impairment caused by a combinations of modifying genes and 

environmental factors, as in otosclerosis (Gordon, 1989; Declau & van de Heyning, 1996), or 

noise induced hearing loss (Henderson et al., 1993). In order to identify a specific cause, it is 

important to rule out conditions that present in a similar way. If the cause of the hearing loss is 

acquired, it is likely that only one child in the family will be affected, and the hearing 

impairment would not usually be associated with additional features that may be confused with 

a syndrome.

Careful recording of the family and clinical history may lead to the recognition of a 

specific cause or event in the period surrounding the birth of the child, which may have caused 

the hearing impairment. The number of hearing impaired children in the family is also 

important: the prevalence of genetic hearing impairment is approximately 1:2,000 (Morton, 

1991), constituting approximately one half (1:1,127) of congenitally hearing impaired newborn 

(Davis & Parving, 1994), such that only 1 in every 4,000,000 (2,000 x 2,000) 2 child families 

would have 2 deaf children by chance, as independent acquired events, and attributing the 

cause of the hearing impairment to hereditary causes in such families will not be in error very 

frequently (Nance, 1980). Approximately 90% of congenitally hearing impaired children are 

bom to normal hearing parents (Cohen & Gorlin, 1995). When the first child in a family is 

hearing-impaired, or there is only one child in the family, it is impossible to delineate the cause, 

particularly if the hearing loss is not associated with any other symptoms or features.
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Nonetheless, if a detailed clinical history fails to reveal a possible acquired cause in a hearing 

impaired child who is the first young child of normally hearing parents, who are not blood 

relations, then on the basis of empirical data, the likelihood that the child has genetic, 

autosomal recessive non-syndromic hearing impairment is about 80% (Cremers, 1978).

Although acquired causes are not the topic of this work, they are included as they form 

an important confounding factor in the diagnosis of genetic hearing impairment. It is 

particularly important to realise in the clinic that attributing the cause of pre-lingual hearing 

loss, particularly when it is present with no associated symptoms, to hereditary factors, 

involves ruling out acquired factors.

1.4.1. Acquired hearing loss

1.4.1.1. Pre-natal Causes

Viral and infectious agents are the most common pre-natal causes of congenital sensorineural 

hearing loss when contracted by the mother during pregnancy. The most common agents are 

Toxoplasma gondii, rubella, cytomegalovirus and herpes simplex virus, and the 4 conditions 

are known by the mnemonic TORCH. Their diagnosis is complicated by the fact that 

laboratory investigations to screen for the antibodies are not equally reliable for the various 

agents, and may be further confounded by the timing of the investigations, a late onset of the 

condition, and the fact that some children develop normally despite having a congenital 

infection (Sutherland, 1993).

Maternal rubella, particularly if contracted by the mother in the 2nd or 3 rd month of 

pregnancy, was thought to be the cause of hearing loss in between 5% and 19% of hearing 

impaired young children (Fraser, 1976; Cremers, 1978; Newton, 1985). The condition causes 

a flat, severe to profound hearing loss in more than 50% of children bom from these 

pregnancies (Anvar et al., 1984; Cremers, 1978), and may also cause mental retardation and 

impaired vision. The clinical picture varies with regard to the symmetry of the hearing loss and 

its progression.

The cytomegalovirus (CMV) is also a major cause of congenital infection, affecting 

between 0.4 and 3.2% of all live births in the USA (Meyerhoff et al., 1994). Approximately 

10% of the infected neonates have various symptoms at birth, and between 30-60% of them go
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on to develop hearing impairment, which may progress. Some 6-24% of those who are 

symptom-free at birth also go on to develop hearing impairment. The hearing loss varies in 

severity from mild to profound and is often unilateral. Syphilis, chicken pox, measles and 

mumps may cause hearing loss together with other malformations (Newton, 1985).

Certain ototoxic drugs (quinine, amynoglycoside antibiotics and tetracycline) cross the 

placenta during pregnancy, causing inner ear damage in the embryo. Drugs such as the 

sedative thalidomide, that were administered to mothers during pregnancy in the 1950s and 

1960s caused hearing loss which occurred as part of a constellation of malformations. In 

addition to viral infections and ototoxic drugs, fetal development may be disrupted by a variety 

of external factors such as maternal disease, chemicals or radiation.

1.4.1.2. Peri-natal Causes

An aetiology is often inferred from a history of a traumatic birth and exclusion of other known 

factors, rather than a clear cause and effect relationship (Fraser, 1976). For example, 

approximately 25% of hearing impaired neonates have spent time in neonatal intensive-care 

units (Davis & Parving, 1993). Prematurity is thought to be a prime factor in congenital 

hearing loss, acquired during the peri-natal stage, particularly in low birthweight babies, and 

attributed to inner-ear haemorrhages. Asphyxia and anoxia in the neonatal period may cause 

cerebral damage and hearing loss. The resulting audiometric configuration is usually a high 

frequency ski-slope. Jaundice (hyperbilirubinemia), neonatal meningitis, ototoxic medication 

and kemicterus are less frequent peri-natal causes (Fraser, 1976; Newton, 1985; Cremers, 

1978).

1.4.1.3. Postnatal causes

Hearing loss acquired post-natally is mostly due to infectious illness. Middle ear infection 

(otitis media) is particularly prevalent in childhood, causing progressive hearing loss with 

increasing inner ear damage (Paparella, 1991). Meningitis is estimated to cause hearing loss in 

between 3.5 and 37% of children who contract it (Newton, 1985). The hearing loss is usually 

partial, unilateral and non-progressive, although a progressive, late onset hearing loss has also 

been reported. Head or acoustic trauma characteristically affects the basal turn of the cochlea 

first, resulting in a high tone loss, which may be notched at 4 kHz. Neoplasms, immunological
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disorders and renal disorders are some of the less common factors, which may affect the 

neonate’s hearing

The improvements in public health in developed countries have led to a progressive 

decrease in the infectious causes of hearing loss, such as postnatal meningitis, rubella during 

pregnancy, CMV, otitis media and diminished damaging effects of ototoxic antibiotics 

(Marazita et al., 1993). These improvements and increased awareness are thought to account 

for the increase in the proportion of congenital and pre-lingual hearing impairment of genetic 

aetiology found in recent studies (Marazita et al., 1993; Parving, 1993), compared with 

previous studies in the same populations (Fraser, 1964; Nance, 1980).

In approximately one third of congenital and pre-lingual onset hearing impairment the 

cause is unknown, and may not be established with certainty until later on in life (Newton, 

1985). Several reasons account for the difficulties:

A. The similarity in the audiometric features of acquired and genetic hearing 

impairment. Most of the conditions within these two entities involve the inner ear, 

causing sensorineural hearing impairment, which is often bilateral and symmetrical. 

Although progression of the hearing loss is seen more commonly in hereditary 

hearing impairment, it is known to exist in both.

B. Availability and reliability of medical history and examination of the family 

members. Even when these can be obtained, parents of hearing-impaired children 

are often reluctant to accept the possibility of a genetic impairment in the family, 

and tend to attribute a hearing loss to an event or an illness.

C. The variable effects of acquired conditions in individual cases. The knowledge that 

serious conditions surrounding the birth can damage the auditory system does not 

explain how some children undergoing such traumatic experiences emerge 

unscathed, while others suffer handicap. For example, should a child who is 

discovered to have sensorineural hearing loss at the age of two, with no other 

defects or deficits, and tests positive to CMV infection, be diagnosed as having 

acquired hearing loss due to the infection, or, in view of the numerous cases who
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test positive for the infection and have normal hearing, should the two findings be 

deemed coincidental and unrelated (Newton, 1985).

For these reasons, the aetiology of the hearing impairment is delineated through 

assessing possibilities and probabilities, based on epidemiological data, and accurate diagnosis 

in a certain proportion of children with congenital hearing impairment will move from genetic 

to acquired and vice versa.

1.5. Mechanism s of genetic abnormality
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Figure 1.4. The relationship of DNA to chromosomes. From M. Pembrey:

The Progress Guide to Genetics. The Progress Educational Trust, London, 1996.
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Once possible acquired factors have been ruled out as far as possible, the hearing loss is 

usually attributed to genetic causes. Hereditary hearing loss, specifically autosomal recessive 

non-syndromic hearing loss, is the focus of this study.

AUTOSOMAL DOMINANT INHERITANCE
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la ther
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Figure 1.5. The three classic Mendelian patterns of inheritance and their relationship to chromosome 

segregation. From M. Pembrey: The Progress Guide to Genetics. London, The Progress Educational 

Trust, 1996.
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There are over 4,000 single gene disorders (McKusick, 1997, OMIM), of which 10% are 

associated with hearing impairment (Cohen & Gorlin, 1995; Winter & Baraitser, 1993). The 

mechanisms of genetic abnormality are reviewed in Weatherall (1991), Mueller & Young

(1995), Emery & Malcolm (1995) among others, and covered here in outline only.

Like other genetic defects, hereditary hearing impairment is passed on from parents to 

their children as a result of errors in the genetic code (mutations in DNA sequence), when an 

egg and a sperm unite to form the single cell that will develop into a foetus. The relationship of 

DNA to chromosome is shown in Figure 1.4. The transmission of mutations from one 

generation to the next is dependent on the behaviour (segregation) of the 23 chromosome pairs 

at meiosis. Figure 1.5 illustrates the relationship of chromosome segregation to the 3 classic 

patterns of Mendelian inheritance. In essence, an autosomal dominant pattern of inheritance 

stems from a mutation that produces a clinical effect (phenotype) in a single dose, i.e. mutation 

from one parent only. An X-linked pattern of inheritance stems from a mutation that produces 

a phenotype in the sons (who inherit their single dose of the X chromosome from their 

mother), but not in the daughters, who have 2 X chromosomes, and therefore the normal X 

chromosome can compensate. An autosomal recessive pattern of inheritance produces the 

phenotype in a double dose, one mutated gene inherited from each parent.

It is worth remembering that Figure 1.5 illustrates only one chromosome pair of the 

23, and just one gene locus on the chromosome. The gene locus is illustrated with two 

alternative forms (alleles): one normal DNA sequence and one mutant DNA sequence.

1.6. Classification of genetic hearing impairment

Genetic hearing loss is classified as non-syndromic when the hearing loss is an isolated 

symptom, with no associated clinical features, and as syndromic when it is associated with one 

or a cluster of additional signs or symptoms, that are recognised together as a syndrome. 

Approximately 70% of genetic hearing loss is non-syndromic and 30% is in syndromic form 

(Amos et al., 1992). The hearing loss is also classified according to the pattern of inheritance 

as dominant, recessive, X-linked or mitochondrial (section 1.6.3 below).
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1.6.1. Syndromic hearing loss

The recognition and identification of a constellation of clinical features that give rise to a 

syndrome is important, as it may allow better estimation of prognosis and recurrence risks for 

the family, and because many of the syndromes in which hearing impairment occurs are 

associated with developmental delay, such that the child is likely to have special educational 

needs above and beyond those determined by the severity of the hearing impairment (Mueller,

1996). However, the process of ascribing a cluster of symptoms to a syndrome is often strewn 

with difficulties (Cohen, 1995; Calzolari & Sensi, 1996), amongst them the fact that different 

genetic defects can have an identical phenotype, or conversely, a single gene may cause many 

different effects, often apparently unrelated pathogenically; the onset of additional clinical 

features may be later than the onset of the hearing impairment; the expression of the inherited 

character may be variable (see section 1.6.2.1 for a fuller explanation). These factors may 

sometimes confound the differentiation of syndromic and non-syndromic hearing loss.

Some of the more common syndromes associated with hearing loss are described, that 

highlight some of the pitfalls in differentiating syndromic from non-syndromic hearing loss, 

and illustrate concepts that are important in describing ARNSHL, especially genetic 

heterogeneity (see section 1.7).

Usher Syndrome. An autosomal recessive condition, which accounts for 6-10% of 

recessive congenital hearing impairment (Dileo & Amedee, 1993). The syndrome is 

characterised by congenital hearing loss and retinitis pigmentosa (RP) (night blindness 

and restricted visual fields, due to degeneration of rod and cone photoreceptors in the 

retina, and leading to total blindness in middle age), and is a prime cause of hearing loss- 

blindness. Three clinical subtypes appear to exist (Kimberling & Moller, 1995): The 

more severe type I, which comprises about 90% of Usher syndrome in the United States 

(Kimberling & Smith, 1996), is characterised by profound hearing impairment, RP and 

absent vestibular responses. The onset of RP in the first or early second decade usually 

delays the diagnosis till the pre-teenage years. It is therefore important to check for sub- 

clinical signs of the symptom in a child with sensorineural hearing impairment 

(particularly if it is associated with cataracts or retinal abnormalities), and for signs of 

vestibular abnormality on the clinical history (i.e.: clumsiness and/or delayed walking
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age). In type II vestibular function is normal, and the hearing loss is usually less severe, 

and confined to the high frequencies, with preservation of the low frequencies. Type HI 

patients have a mild hearing loss at the pre-lingual stage, which progresses to profound 

hearing loss with age, and variable onset of RP. Vestibular deficits have been identified 

in some families with Usher type HI, and these features combine to make it difficult to 

differentiate from types I and n.
Genetically, nine genetic sub-types of Usher syndrome have been mapped. At least 

three loci are involved in Usher type I, and so far two loci causing Usher type II have 

been mapped (Van Camp & Smith, 1999). This illustrates that the condition is 

genetically highly heterogeneous (see section 1.7), and that each clinical phenotype may 

be caused by more than one gene. The gene product responsible for most common sub- 

type of Usher type I (mapped to 1 lq l 3-14) is the myosin VILA (Weil et al., 1995; Weil 

et al., 1997). This myosin was found in tissues in the retina and in the inner ear, where it 

is thought to play a role in the transduction mechanism (Hasson et al., 1995). This 

myosin is also implicated in recessive and dominant non-syndromic forms of hereditary 

hearing loss (Liu et al., 1997). A second gene, USH2A, has also been cloned (Eudy et 

al., 1998), which encodes an extra-cellular matrix protein. The protein is expressed in 

the cochlea and the retina, and is implicated in Usher type n.
Waardenburg Syndrome (WS). An autosomal dominant disorder, characterised by 

hearing impairment, dystopia canthorum (lateral displacement of the inner canthi) and 

pigmentation defects, particularly of the eyes and hair (Waardenburg, 1951). The 

condition is identified in 2-3% of congenitally hearing impaired children in the United 

States (Dileo & Amedee, 1993). There are four clinical types, of which types I and II are 

the more common. The differentiation of the first two types is largely based on dystopia 

canthorum, which features in nearly 100% of type I patients, and is characteristically 

absent in type II patients. The hearing loss is found in between 35% - 58% of type I 

patients, and between 60% and 74% of type II patients (Newton et al., 1994; Read & 

Newton, 1996). It may be unilateral or bilateral, and its severity may vary from mild to 

profound, although in type I a bilateral profound loss is frequently seen (Newton et al., 

1994; Toriello, 1995).
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Four WS gene loci have been mapped to date: types I and El (clinically differentiated 

on the basis of upper limb abnormalities associated with type m ) have been shown to 

share a common locus on chromosome 2q35. Three different loci have been shown to be 

responsible for WS type IV (see Van Camp & Smith, 1999 - for an up to date list of 

mapped loci). The gene responsible for WS types I and HI has been identified as the 

PAX3 gene (Tassabehji et al., 1992; Baldwin et al., 1992), which is active in early 

embryonic development (Read & Newton, 1996). WS type II is caused by the MTTF 

gene, which is thought to be involved in melanocyte differentiation (Tachibana et al., 

1994; 1996).

Pendred Syndrome. An autosomal recessive condition characterised by the triad of 

congenital sensorineural hearing loss, goitre (thyroid enlargement) and an abnormal 

perchlorate test. The condition is estimated to account for up to 10% of recessive hearing 

loss (Dileo & Amedee, 1993). The hearing loss is typically severe or profound, and is 

more pronounced at the high frequencies, with little or no progression. A Mondini 

malformation and vestibular hypo-function have also been reported in approximately 

40% of patients (Gorlin, 1995b; Luxon, 1996), although no correlation was reported 

between the latter two features in individual patients (Luxon, 1996).

There is a strong evidence for a single gene locus in Pendred Syndrome (Everett et al., 

1997), but whereas typically the audiological findings are fairly uniform, there is 

considerable variability in the clinical presentation of the associated symptoms (goitre, 

cochlear malformations and vestibular hypo-function). In addition, the onset of goitre 

occurs approximately a decade after the hearing loss (Reardon & Trembath, 1996). 

These factors make the diagnosis of Pendred syndrome, and its differentiation from non- 

syndromic hearing loss particularly difficult. These difficulties were aptly illustrated 

when the DFNB4 (‘B’ signifies the autosomal recessive mode of transmission and the 

ensuing number is assigned chronologically to mapped loci) locus for ARNSHL (see 

Table 1.1 below), mapped to chromosome 7q31 in an Israeli Druze family (Baldwin et 

al., 1995), turned out to have Pendred Syndrome following re-examination (Coyle et al., 

1996; Van Camp & Smith, 1998). This example highlights the importance of a detailed
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clinical work-up to exclude syndromes in families in whom hereditary hearing 

impairment is suspected.

1.6.2. Non-syndromic hearing loss

The majority (70%) of genetically hearing impaired children have non-syndromic hearing loss 

(Morton, 1991). The condition usually occurs sporadically, i.e. as an isolated case within a 

family (Mueller, 1996). This makes it almost impossible to reliably discriminate between 

acquired and genetic aetiology on the basis of available clinical and audiological background. 

The chance of recurrence in subsequent children is based on empirical figures, and is modified 

depending, for example, on whether there is a family history of hearing impairment, the 

severity of the hearing impairment and whether the parents of the hearing impaired child are 

consanguineous. An additional important factor is the number of genes responsible for non- 

syndromic hearing loss as outlined in section 1.6.3.3 below.

1.6.3. The pattern of inheritance

Genetic hearing loss caused by single gene disorders is inherited in a pedigree through one of 

three Mendelian patterns described above (section 1.5), or maternally inherited (mitochondrial) 

inheritance. The Mendelian patterns of inheritance refer to the heredity of the phenotype, and 

not genes per se. Only in autosomal dominant inheritance does the pedigree reflect the 

transmission of the mutant allele.

1.6.3.1. Autosomal dominant inheritance

Approximately 25-30% of genetic hearing loss is estimated to be dominantly inherited (Fraser 

1976; Amos et al., 1992). Dominant inheritance means that the phenotype is recognisable in 

the heterozygote carriers (individuals who possess two different alleles at a particular locus on 

a pair of homologous chromosomes: one mutated allele and one normal allele). Autosomal 

dominant disorders affect both males and females, and the risk to the offsprings of inheriting 

the mutation is 50%. The fact that a single mutant allele causes the condition to manifest gives 

the characteristic vertical pattern of inheritance (Figure 1.6A). A common feature of dominant 

inheritance, which complicates the identification of this pattern in a family, is that symptoms 

may not be expressed in some individuals who have the mutation (non-penetrance), or else
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vary in kind or severity in different individuals, even of the same family (variable expression or 

penetrance). Penetrance reflects the influence of other genes or of the environment on the 

phenotype, and may be age-related, as in adult onset hearing loss (Gordon, 1989).

A. Autosomal 
dominant Inheritance

AA Aa

AA AA AaA □ 4
AA Aa AA Aa

B. X-linked recessive 
Inheritance

XX

Xx

Xx Xyxx xy

A. Autosomal 
recessive Inheritance

AA Aa

AA Aa Aa

AA Aa Aa aa

Figure 1.6. Mendelian patterns of inheritance. (A) Autosomal dominant inheritance. (B) X-linked 

recessive inheritance. (C). Autosomal recessive inheritance.

1.6.3.2. X-linked inheritance

Only a small proportion of genetic hearing loss (approximately 2-3%) is X-linked. The 

disorder is transmitted through healthy female carriers, who have a mutated allele on one of the 

X-chromosomes, but also a compensating normal X chromosome. Any son will only have one 

X chromosome (from the mother) and one Y chromosome (from the father). If he receives the 

mutant X he will be affected, giving a 50% chance that the son of a female carrier will be 

affected. Similarly there is a 50% chance that a daughter will be a carrier of the mutation. X- 

linked inheritance may be recessive (as shown in Figure 1.6B) or dominant. The differentiation 

between the two modes of inheritance may be hampered by the random effect of X 

chromosome inactivation. Y-linked inheritance is not seen, because the Y chromosome carries 

very few genes other than those that determine maleness.
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Figure 1.7. A diagram illustrating why ARNSHL is more likely to occur in consanguineous families.

1.6.3.3. Autosomal recessive inheritance

The most common pattern of inheritance of genetic hearing loss (between 70 and 85%) is 

autosomal recessive (Reardon & Pembrey, 1990). The condition is found in individuals whose 

normal hearing parents both carry the same recessive gene (heterozygotes), and affects males 

and females in equal proportions. The recurrence risk for the offsprings is l in 4, or 25% 

(Figure 1.6.C). The condition usually occurs in a single sibship, with no family history of 

hearing impairment.

Recessive hearing loss is more likely to occur in families in whom there is parental 

consanguinity, because the parents are more likely to have both inherited the same mutation, 

and in the same locus, from a common ancestor (Figure 1.7). If, in addition, such a family lives 

in an isolated region for several generations, the likelihood of several hearing loss genes 

coexisting in the same family is reduced, and the small size of the community would increase
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homozygosity of individuals (Petit, 1996). These factors combine to make consanguineous 

families ideal candidates for mapping recessive genes (see section 1.8.2 below).

1.6.3.4. Mitochondrial inheritance

hi
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Figure 1.8. A family tree illustrating mitochondrial inheritance. From: R.F. Mueller and I.D. Young: 

Emery’s Elements of Medical Genetics. New York, Churchill Livingstone, 1995.

In addition to the chromosomes in the nucleus, the mitochondria in the cells contain DNA. The 

mitochondria plays an important role in cellular metabolism, and mutations in its DNA are 

known to cause syndromal conditions that affect the central nervous system, skeletal muscle 

and heart. Diabetes mellitus and the mitochondrial myopathies are known to be commonly 

associated with hearing impairment. However, more recently it has emerged that non- 

syndromic hearing loss may also be caused by mitochondrial mutations (Jaber et al., 1992). 

Mitochondrial mutations affect both males and females, and are transmitted through the 

maternal line (Figure 1.8), since only females contribute mitochondria to the zygote. Until 

recently, mitochondrially inherited non-syndromic hearing loss was thought to be rare, but a 

recent study (Fischel-Ghodsian et al., 1995) reported that 17% of 41 Americans with hearing 

loss have the 1555 mitochondrial mutation which causes non-syndromic hearing loss. These 

findings suggest that mitochondrial inheritance of non-syndromic hearing loss may account for
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up to 20% of non-syndromic hearing loss. However, from the various studies it is indicated 

that the penetration of the hearing loss varies considerably. This suggests that a mitochondrial 

mutation by itself may not be sufficient to cause a hearing loss, and additional genetic (i.e.: 

other genetic hearing loss genes) and environmental conditions (particularly aminoglycoside 

ototoxicity and susceptibility to it) are required for hearing impairment to manifest (Fischel- 

Ghodsian, 1996).

The recognition of the pattern of inheritance is not always straightforward, for the 

following reasons:

a) The size of the family: modem families are rarely large enough to allow 

unambiguous determination of the mode of inheritance.

b) Assortive mating: approximately 90% of deaf individuals marry within the deaf 

community, such that any large kindred of deaf individuals are unlikely to show a 

clear pattern of segregation.

c) Variable expression of the phenotype: although dominant and recessive patterns of 

inheritance are very different, no penetrance, or variable expression of the 

phenotype, known to exist in the former, may also cloud their differentiation.

d) Differentiation: it may be difficult to differentiate X-linked from ARNSHL in 

families in whom the affected children are male siblings.

1.7. Genetic (locus) heterogeneity

Molecular research aimed at mapping the mutations that cause hearing impairment has been 

hampered over the years by genetic heterogeneity, of which there are broadly two types: locus 

heterogeneity, where very similar disorders are due to mutations at entirely different gene loci, 

mapping to different chromosomal regions, and allelic heterogeneity, where different 

mutations occur in the same gene (locus). Allelic heterogeneity nearly always arises from 

monogenic disease. It is locus heterogeneity that complicates gene mapping. Locus 

heterogeneity is particularly prevalent in non-syndromic hearing loss (Reardon & Pembrey, 

1990).
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A. Same gene locus B. Different gene loci
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Figure 1.9. Genetic heterogeneity in ARNSHL. A diagram illustrating (A) a sibship in whom deaf 

parents, who have a common locus for the mutant genes, go on to produce only deaf children, and (B) 

a sibship in whom deaf parents have different gene loci go on to produce hearing children.

Locus heterogeneity can be revealed from matings between deaf parents, where it is expected 

that all the children of couples who are homozygous for the condition will inherit the hearing 

impairment (Figure 1.9 A). In practice, the majority of deaf couples go on to produce normal 

hearing children (Figure 1.9B). This usually indicates that the hearing impairment is caused by 

mutations in several gene loci. The basic premise is that only mutations that occur in the same 

locus in the heterozygous parents will introduce a risk of having an affected child, whereas 

mutations that are not in the same locus in the parents rarely introduce a risk. The exception to 

the latter statement is digenic inheritance, where the expression of a particular hereditary trait 

requires an additional gene defect at another locus, as in retinitis pigmentosa (Kajiwara et al., 

1994).

The exact number of loci causing ARNSHL is unknown, with previous estimates 

ranging from 5 to 45 or more (Chung et al., 1959; Morton, 1991; Petit, 1996 for a review). In 

parallel it is estimated that up to 16% of the general population carry a gene for recessive 

hearing loss (Morton, 1991). More than 20 ARNSHL genes have so far been mapped, mostly 

on different chromosomes (Van Camp & Smith, 1999).
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1.8. Identification of hearing loss genes

Recent improvements in DNA technology have lead to a breakthrough in mapping hearing loss 

genes and understanding their function. These advances allow risk estimation to become much 

more accurate, thus enabling parents to make better informed decisions.

In humans there are on average between 3,000 and 4,000 genes spaced along each 

chromosome. The DNA, which codes for protein, constitutes only 3-5% of the human genome, 

and is interspersed with nonsense sequences, which appear to have no function at all. Finding a 

mutation responsible for a particular disease will be made easier once a physical map of the 

human genome is drawn. Mapping the individual genes and working out their sequence are the 

aims of an international research effort known as the Human Genome Project. Obtaining such 

a physical map of the human genome will inevitably lead to a greater number of diagnostic 

tests for genetic diseases becoming available, and the way to treat them in the future, either by 

rectifying the faulty gene (gene therapy), developing specific drugs, or changing the 

environmental conditions that promote their existence.

There are two stages to the identification of hearing loss or any other diseased genes. 

Mapping the mutant gene in the affected families, which gives the position of the gene on an 

individual chromosome, or chromosomal region. This is important in allowing determination of 

the carrier status of pedigree members and estimation of genetic risk. A mapped mutant gene 

may still be anywhere within 5-10 million base pairs. The second step is to define which gene 

amongst many in the chromosomal region carries a mutation, by essentially comparing the 

DNA sequence in the patient and the normal candidate gene. Finding the gene responsible for 

the hearing loss and working out its sequence and function is important for diagnosis and 

treatment of genetic disease. Selecting which candidate gene to study is not always easy, but 

both the mapping and cloning of genes is being greatly aided by the Human Genome Project.

Until 1994, the combination of extreme locus heterogeneity, an absence of clinical 

criteria that would allow differentiation of the inner ear defects caused by the various genes 

and the high frequency of unions between deaf persons (which may lead to several defective 

genes responsible for hearing loss coexisting within one family) hindered mapping of genes 

responsible for ARNSHL. The breakthrough in 1994 (Table 1.1) was achieved by focusing on
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isolated consanguineous families, in whom the probabilities that several hearing loss genes are 

segregating within one family are greatly reduced, and taking advantage of the advances in 

molecular genetics, particularly the highly informative DNA based markers (section 1.8.1. 

below). The first of several DFNB genes (Guilford et al., 1994a) was identified using the 

combined method of linkage analysis, to determine the chromosomal region, and homozygosity 

mapping (section 1.8.2. below), which allows mapping of rare recessive genes in small 

consanguineous families. Several DFNB loci were subsequently identified using this method 

(Petit, 1996).

1.8.1. Linkage analysis

In families with a genetic disease, linkage analysis is the principal method of mapping a gene 

to a particular chromosome or chromosomal region. Genes (loci) are said to be linked when 

they are located close together on the same chromosome, and their alleles are inherited 

together more often than not. The statistical expression of linkage is the lod score (logarithm of 

the odds): positive lod scores (> 3) indicate linkage, whereas negative lod scores (< -2) are 

taken as evidence of no linkage. Tracking a chromosome or chromosomal region is done using 

genetic markers. These are DNA or protein variations that are inherited in a simple Mendelian 

inheritance and are polymorphic, i.e. exist in variant forms in the population, so that the various 

forms can be recognised as they segregate through a family.

During meiosis pairs of homologous chromosomes line up (with the same loci) and 

exchange segments, such that each chromosome in the child is a mosaic of segments from the 

corresponding chromosome pair in each parent. Therefore, a single marker would not be 

sufficient to identify each chromosome. Linkage analysis in a family involves determining the 

frequency with which crossing over has occurred between the gene for a particular disease and 

various markers, expressed in centimorgans (cM) - one cM corresponds to a frequency of 

recombination of 1%. Traditionally, blood groups and certain serum proteins were used as 

polymorphic markers, but these have been superseded by DNA based genetic markers, based 

on short tandem repeats, of which over 5,000 have now been cloned and finely mapped to all 

chromosomes at intervals of about 1 cM. This has turned linkage analysis into a highly 

powerful technique for mapping genes, particularly in large inbred families, in whom the 

segregation of a genetic disease with a marker can be demonstrated.
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Table 1.1. List ofmapped DFNB loci and associated phenotypes. Modifiedfrom Van Camp & Smith: The 

Hereditary Home page URL, January 1999.

Key: *DFNB4 = the original family was subsequently found to have Pendred syndrome, 

however, mutations in the gene have also been shown to cause ARNSHL.

Locus

Name

Location Gene Phenotype Most

Important

Reference

DFNB1 13ql2 GJB2 Pre-lingual, profound, non

progressive cochlear hearing loss

Guilford et al., 

1994a

DFNB2 llql3.5 Myosin

VILA.

Variable age of onset from 0-16 

years, SNHL, some with vertigo

Guilford et al., 

1994b

DFNB3 17pl 1.2 Myosin 15 Congenital, profound sensorineural 

hearing loss

Friedman et al., 

1995

DFNB4* 7q31 PDS Congenital severe to profound (>70 

dB) hearing loss

Baldwin et al., 

1995

DFNB5 14ql2 Unknown Pre-lingual severe to profound 

sensorineural hearing loss

Fukushima et 

al., 1995a

DFNB6 3ql4-p21 Unknown Congenital severe to profound 

sensorineural hearing loss

Fukushima et 

al., 1995b

DFNB7 9ql3-q21 Unknown Pre-lingual severe to profound 

sensorineural hearing loss

Jain et al., 1995

DFNB8 21q22 Unknown Childhood onset of sensorineural 

hearing loss, progressing to 

profound by adolescence

Veske et al., 

1996

DFNB9 2p22-p23 Unknown Congenital profound sensorineural 

hearing loss, no obvious balance 

deficits

Chaib et al., 

1996a

DFNB10 21q22.3 Unknown Congenital severe (75-80 dB) non

progressive hearing loss. No signs 

of vestibular involvement

Bonne-Tamir et 

al., 1996
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Table 1.1 continued.

Locus

Name

Location Gene Phenotype Most

Important

Reference

DFNB11 9ql3-q21 Unknown Pre-lingual, profound hearing loss 

(>90 dB). Normal developmental 

milestones, normal intelligence

Scott et al., 

1996

DFNB12 10q21-q22 Unknown Pre-lingual profound (>100 dB) 

hearing loss. No balance deficits or 

vertigo

Chaib et al., 

1996b

DFNB13 7q34-36 Unknown Pre-lingual, severe, progressive 

sensorineural hearing loss

Mustapha et al., 

1998

DFNB14 7q31 Unknown unknown Mustapha et al., 

(in press)

DFNB15 19pl3 Unknown Pre-lingual profound hearing loss. 

No delayed milestones or 

vestibular deficits

Chen et al., 

1997

DFNB16 15q21-q22 Unknown A description of the hearing loss 

was not provided

Campbell et al., 

1997

DFNB17 7q31 Unknown Pre-lingual profound hearing loss 

(>110 dB). No delayed milestones 

or vestibular deficits

Greinwald et 

al., 1998

DFNB18 llp l4  - 

15.1

Unknown unknown Jain et al., 1998

DFNB19 18pll Unknown unknown Green et al., 

unpublished

DFNB20 llq25 Unknown unknown Moynihan et al., 

in press

DFNB21 iiq Unknown unknown S. Chardenoux, 

unpublished
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1.8.2. Genetic mapping

Once the chromosomal region of the mutation has been identified, the search can be narrowed 

down to the gene using either homozygosity mapping or the candidate gene approach. The 

candidate gene approach relies on a gene whose function suggests that it is likely to be 

responsible for a genetic disease, and which maps to the same chromosomal region as the 

disease (Mueller & Young, 1995). Homozygosity mapping is a method based on identifying 

homozygous regions shared by affected siblings: in any given family, each parent has two 

different alleles at a particular locus. Any two of their children have a 1 in 4 chance of 

inheriting the same two alleles, a 2 in 4 chance of having one allele in common, and a 1 in 4 

chance of having no alleles in common. If affected siblings inherit a particular allele more often 

than would be expected by chance, this indicates that the allele or its locus is involved in some 

way in causing the disease. In inbred families, mapping recessive characters in often done by 

looking for chromosomal segments that are identical on the maternal and paternal 

chromosomes of affected individuals. This method is particularly useful in recessive non- 

syndromic hearing loss.

The contribution of consanguinity mapping to the identification of DFNB genes is 

beyond dispute. Nonetheless, it is anticipated that the rate of mapping new loci may slow down 

or even be brought to a halt, as the supply of isolated families, on which to perform linkage 

analysis, approaches exhaustion. On the other hand, modem families are rarely large enough to 

allow linkage analysis to be carried out. The identification of a mutation in the GJB2 gene (see 

below) in a small Caucasian pedigree with autosomal dominant non-syndromic hearing loss 

(Kelsell et al., 1997) is an exception, and was possible because the deafness segregated in the 

family together with an associated abnormality with a known locus.

Once a particular gene has been mapped, the function of the protein that it 

manufactures needs to be determined (Kelsell et al., 1997; Liu et al., 1997). Based on the 

premise that a reproducible effect may emerge from identical mutation in the same locus of 

different families, continued progress may be maintained by grouping small-sized families 

with an identical phenotypic profile for a similar analysis. Phenotypic-identification of the gene 

product of a mutation, and its corresponding phenotype can contribute to understanding the 

specific role of each protein in the cochlea, and in indicating other possible loci as potential
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candidates. Thus far, the products of only two of the DFNB genes have been identified. The 

myosin VHA, which was already known to be mutated in Usher syndrome type IB (Weil et 

al., 1995), manifesting as hearing loss and vestibular dysfunction without retinal dysfunction, 

was additionally found to cause both autosomal recessive (Guilford et al., 1994b) and 

autosomal dominant non-syndromic hearing loss (Liu et al., 1997). This myosin is expressed in 

the retina and in the cochlear hair cells, particularly the IHCs, and is thought to play a role both 

in development and function of the hair cells (Self et al., 1998). More recently, the gap- 

junction protein beta-2 (GJB2), also known as connexin 26, which is thought to have a role in 

recycling potassium ions back to the endolymph of the cochlear duct following hair cell 

stimulation, has been identified in three families with mutations in a locus which is both 

autosomal dominant (DFNA3) and recessive (DFNB1 - see Table 1.1 above) (Kelsell et al.,

1997). This latter report is particularly important because it has since emerged that connexin 

26 mutations may account for approximately half of all ARNSHL cases ((Zelante et al., 1997; 

Denoyelle et al., 1997) and between 10 and 37% of individuals with sporadically occurring 

deafness have the mutation (Lench et al., 1998) (Estivill et al., 1998). The high prevalence of 

the GJB2 gene mutation offers an opportunity to provide a clinical service to test for the 

mutation in sporadic deafness cases, which would identify ARNSHL in many cases, in whom 

the condition would not otherwise be recognised until after the birth of a second affected child 

(Reardon, 1998, and section 1.4 above).

1.9. Types of genetic inner ear defects

The mouse often provides an experimental model for unravelling some of the mechanisms 

involved in causing human genetic disease (Brown & Steel, 1996), as in the case of the role of 

the myosin VILA in Usher IB, which also underlies the mouse recessive deafness mutation 

shaker 1 (Liu et al., 1997). There are a number of reasons for this: first, there are great 

similarities in structure and function of the inner ears of humans and mice, suggesting that a 

similar array of genes are involved in the normal process of ear development in the two 

species. Second, gene content and gene order are conserved in a large number of regions 

between the mouse and human genomes, and last, a number of deaf mouse mutants and 

humans with genetic hearing impairment have been shown to have mutations in homologous 

genes (Steel, 1995; Brown & Steel, 1996). From these studies it emerges that three types of
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inner ear defects account for the vast majority of human genetic hearing impairment: 

morphogenetic, cochleo-saccular and neuro-epithelial defects (Steel & Bock, 1983).

a. Morphogenetic defects. A malformed shape of the inner ear, which may include abnormal 

development of the vestibular and cochlear parts together or separately, and occurring as a 

result of early interference in the development of the labyrinth. Genes causing this type of 

abnormality are likely to act early in fetal life to disrupt normal development. Morphological 

defects are detectable by imaging techniques, and the hearing impairment will vary in 

individuals depending on the extent of malformation.

b. Cochleo-saccular defects. In these cases the defect is in the stria vascularis of the cochlear 

duct, which controls the balance of potassium and sodium of the endolymphatic fluid 

necessary for maintaining normal endocochlear potential. Histologically the stria is thinner 

than usual and does not mature, leading to secondary collapse of Reissner’s membrane due 

to lack of normal osmotic pressures. There is later degeneration of the organ of Corti 

leading to hair cell loss. In many mammals, this form of hearing impairment is frequently 

associated with pigmentation abnormality. The lack of endocochlear potential leads to a 

moderate to severe hearing impairment, which is frequently asymmetrical (Steel & Palmer, 

1996).

c. Neuro-epithelial defects. Abnormal maturation of die sensory epithelium in the organ of 

Corti, which may be followed by atrophy of the spiral ganglion nerve cells. The stria 

vascularis may later degenerate. The hearing impairment in neuro-epithelial abnormalities is 

often severe or profound. It is thought that the majority of human congenital non-syndromic 

hearing impairment is of this type (Steel & Palmer, 1996; Brown & Steel, 1996).

1.10. Identifying phenotypes

Mapping hearing loss genes in humans and elucidating their function contributed significantly 

to furthering the understanding of basic biological mechanisms underlying normal hearing, and 

the process by which a particular mutation causes deafness to develop in an individual. This 

knowledge will provide the necessary foundation for devising strategies for medical 

intervention aimed at ameliorating the effects of a mutation (Steel, 1995). However, a family 

with a hearing-impaired child, seeking genetic counselling, is more likely to directly benefit
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from the recent progress in molecular genetics if at least some genetic sub-types were found to 

be associated with distinct and reproducible phenotypic profiles. Such an association would 

narrow down the number of loci of the mutant gene that could be segregating within the 

pedigree of the hearing-impaired child.

To date, the clinical variation of congenital hearing loss has not been studied in the 

depth required to determine whether some phenotypic descriptors are useful in sub-dividing 

the deaf population into subgroups sharing a common phenotype. Improving the phenotypic 

descriptors, through detailed audiometric and vestibular investigations in each pedigree, is 

seminal to genetic studies when carried out in parallel with molecular studies, and may allow 

linkage studies to be carried out by grouping small families, who are unrelated. Distinct 

phenotypic profiles may emerge, which may subsequently be shown to be associated with 

specific loci. There is no way of knowing whether two mutations at different loci would 

produce exactly the same deficit, although one would hope that differences would emerge, if 

the phenotype was studied in sufficient detail.

1.10.1. Phenotypic identification in syndromal hearing loss

There are many examples within syndromal hearing impairment, where a detailed study of the 

phenotypic features has lead to the delineation of genetic sub-types. As illustrated above (section 

1.6.1), in Waardenburg syndrome, the characteristic association of hearing loss with pigmentation 

defects of the eyes and skin was observed to be present in some families together with dystopia 

canthorum, whereas in other families it was absent (Arias, 1971). It was therefore suggested that 

Waardenburg syndrome be divided into two types, type I with dystopia, and type D, without 

dystopia (see section 1.6.1. above), which subsequently turned out to have different genetic causes 

(Read & Newton, 1996). In Usher syndrome, the phenotypic classification to types I and II on the 

basis of severity of the hearing impairment and vestibular function also illustrates that distinct 

phenotypic types may lead to a successful delineation of respective genetic sub-types, although the 

extent of genetic heterogeneity of Usher syndrome exceeded the initial estimates based on the 

phenotype (Kimberling & Smith, 1996; Van Camp & Smith, 1999).

Although the majority of children with hereditary hearing impairment will have non- 

syndromic hearing loss, the above examples highlight the importance of excluding syndromal 

conditions in those children. This entails carrying out a detailed physical examination of the hearing-
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impaired child, focusing primarily on physical features which are known to be associated with 

common hereditary hearing loss syndromes (e.g.: external ear abnormalities, such as ear pits or tags, 

which may indicate Treacher Collins or Branchio-oto-renal syndrome; loss of pigmentation in the 

hair and/or eyes, that may be signs of Waardenburg or Usher syndromes, dystopia canthorum, 

which is found in Waardenburg syndrome; goitre, which may be a sign of Pendred syndrome, and 

posterior cleft palate and/or myopia, which may be a sign of Stickler syndrome (Mueller, 1996)). In 

addition, a number of routine investigations are conducted (for a review see Calzolari & Sensi,

1996; Mueller, 1996):

a) Ophthalmological examination: this examination should include checking for RP, which may 

indicate Usher syndrome, and if, in addition, there is a history of delayed motor milestones 

(sitting and walking age) or clumsiness (which may be the only sign of congenital vestibular 

hypo-function), Usher syndrome type I may be indicated. In addition, an electroretinogram (a 

technique measuring the electric response of the retina to light stimulation) is required to 

diagnose Usher syndrome in the early stages.

b) Electrocardiogram: this test of cardiac electrophysiology is used to screen for the Jervell and 

Lange-Nielson syndrome, a condition characterised by the association of deafness with a 

prolonged QT interval.

c) Urinalysis: is used to test for the presence of renal disease, suggestive of Alport syndrome, and 

the presence of an abnormal amount of sugar in the urine, which may be part of the 

constellation of diabetes (mellitus or insipidus), optic atrophy and hearing loss.

d) Serology: TORCH (toxoplasmosis, rubella, cytomegalovirus and herpes simplex) should be 

checked in the first 6 months of life, to exclude acquired infections that might have caused the 

hearing loss.

e) Cochlear computerised tomography: may be indicated when the hearing impairment is thought 

to be part of a syndrome that is known to be associated with inner-ear malformations, such as 

X-linked hearing loss with stapes fixation or Pendred syndrome.

f) Chromosomal analysis: are suspected when the hearing-impaired child presents with additional 

malformations or non-specific findings such as growth abnormalities or developmental delay.
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1.10.2. Phenotypic studies in non-syndromic hearing loss

Compared with syndromal hearing loss, the success of the phenotypic approach in resolving 

genetic heterogeneity of non-syndromic hearing loss has been very limited. This, in part, may 

be due to the paucity of available data (other than the audiogram) in families with non- 

syndromic hearing loss. However, the main limiting factor is that despite the high genetic 

heterogeneity of the condition, the phenotypic expression of the various gene loci is often 

similar.

The existing phenotypic classification of genetic isolated hearing loss relies almost 

entirely on the pure-tone audiogram (Gorlin, 1995a). The pure-tone audiogram is the most 

basic and widely available of audiometric tests, and may provide considerable information 

about the hearing loss that may aide the classification of the pattern of inheritance. The basic 

premise was expressed by Martini et al (1996):

“A classification based on pure-tone audiometric results may correspond to differences 

in the spatial and quantitative distribution of damaged hair cells and nerve fibres within 

the cochlea, which may be thought of as a direct effect of different genes or different 

genetic expression”.

Further tests, aimed at delineating the type of hearing impairment, cannot be carried out if the 

hearing loss is severe or profound. In addition, the availability of more specialised audiometric 

and vestibular tests is limited. As a consequence, there is a paucity of data on the application of 

further diagnostic tests to genetic non-syndromic hearing loss. The way in which the 

audiogram and other investigations contribute to the identification of the pattern of inheritance 

and delineation of genetic sub-types in non-syndromic hearing loss is summarised below.

1.10.2.1. Phenotypic findings in pedigrees with autosomai dominant non- 

syndromai hearing loss

With the aim of determining variations in audiometric shapes and degree of hearing loss in 

different genetic modes of non-syndromic forms of hearing impairment, Liu and Xu (1994) 

analysed the audiometric configuration in 28 pedigrees with hereditary non-syndromic hearing 

impairment, of whom 83 affected individuals were autosomal dominant, 50 were ARNSHL 

and three were X-linked recessive (XR). The audiograms were divided into six basic shapes, 

based on earlier work (Fisch, 1955; Paparella et al., 1975): a flat configuration, exhibiting
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variation in thresholds that were not in excess of 10 dB across frequencies; a high frequency 

sloping (HFS) shape, where either a gradual or sharp attenuation in threshold occurs with 

increasing frequency; an ascending audiograms, where the low frequencies have worse 

thresholds than the high frequencies; a U-shape, showing attenuated thresholds at mid

frequencies but better thresholds at the low and high ends of the audiogram; and a residual 

audiogram, consisting of diminished functional hearing at the mid to high frequencies, with 

some preservation of low frequencies (Liu & Xu, 1994).

From that study, it emerges that 90% of affected individuals with autosomal dominant 

hearing loss have sharply sloping (34%), flat (30%) or gently sloping (26%) audiograms. 

Residual (7%), ascending (2%) and U-shaped (1%) configurations were relatively uncommon. 

An important fact that emerged from this analysis is that the latter two configurations, although 

rare, were unique to autosomal dominant inheritance. Similar findings were also reported by 

Martini et al. (1996), using a slightly different audiometric classification. There was both intra- 

familial and inter-familial variability in the audiogram shape. Martini & Prosser (1996) argued 

that if, within a pedigree, the affected parents and children exhibit the same audiometric 

pattern, the phenotype can correspond to a specific genotype. However, in the study of Martini 

et al., (1996), families with autosomal dominant non-syndromic hearing loss failed to show a 

clear replication of audiometric pattern from parents to children, except in a few cases with 

either a U-shape or ascending audiograms. Their findings are consistent with the characteristic 

feature of variable expression in autosomal dominant conditions.

The severity of the hearing loss was classified as mild to moderate (average across 

four frequencies < 55 dB) in 80% of the autosomal dominant cases of Liu et al., (1994), and 

only 6% had profound hearing impairment (> 90 dB). That profound hearing loss is 

uncommon in autosomal dominant inheritance was also confirmed in the study of Martini et al.

(1996).

Most forms of ADNSHL are progressive (Gorlin, 1995a), leading to the expectation 

that the identification of patients exhibiting different patterns of progression of hearing loss 

could also be useful in isolating homogeneous groups. However, this line of research is 

hampered by the difficulty in separating genetic from environmental factors, and by the fact 

that most normal-hearing individuals are affected by presbyacusis. Furthermore, an accelerated
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progression of hearing loss, due to either presbyacusis or environmental factors, may be an 

expression of a genetic susceptibility of the individual. This is re-enforced by a more recent 

report of extensive variation in the audiometric findings, including patterns of progression, in 

all 22 of the 44 affected members of a large ADNSHL family linked to DFNA7, who have 

been studies over more than two decades (Elverland et al., 1998). The rates of progression of 

the hearing loss in the affected members of the family were often different for the low and high 

frequencies of the same ear, and the authors also observed different rates of progression in the 

two ears of the same individual during periods of rapid progression.

In summary, the above studies have shown that autosomal dominant non-syndromic 

hearing loss is usually bilateral, symmetrical, mild to moderate in its severity, progressive, with 

either a high frequency sloping or flat configuration being the most common. The age of onset 

of the hearing impairment was often found to occur in the first decade, but post-lingually. The 

value of these observations to the delineation of the pattern of inheritance can only be assessed 

by comparing them with audiometric findings in other patterns of inheritance as described 

below (sections 1.10.2.2 and 1.10.2.3).

Numerous dominant mutations causing isolated hearing loss have been mapped and 

identified since 1994 (Van Camp & Smith, 1999), and the audiometric configuration, 

symmetry, severity and progression of the hearing loss in those families noted. The hearing 

loss in two pedigrees with ADNSHL was similar in age of onset (age 10) and in configuration 

(low frequency hearing loss), but with quite different time course: in one pedigree the hearing 

loss progressed rapidly to a flat, profound loss by the age of 40 (Leon et al., 1992), whereas in 

the second pedigree, the hearing impairment progressed more slowly to a moderate flat loss by 

the age of 50 (Hall et al., 1995). This phenotypic differentiation has lead to the identification of 

two distinct genetic types (Leon et al, 1992; Lesperance et al., 1995). However, in a large 

pedigree with dominant non-syndromic hearing loss, the age of onset was uniform in 22 

affected individuals (Elverland et al., 1998), but the rate of progression varied considerably 

between individuals, all of whom are known to have the same gene. These findings illustrate 

that the rate of progression of the hearing impairment is not determined only by the mutant 

gene, and is probably influenced by other genes and/or environmental factors.
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1.10.2.2. Phenotypic findings in X-iinked pedigrees.

Non-syndromic X-linked hearing loss is both clinically and genetically heterogeneous (Gorlin, 

1995a; Reardon et al., 1990). Clinically, it is classified into four types, differing in age of onset 

of the hearing loss, the type of loss, vestibular function and the occurrence of other anomalies, 

such as mental retardation (Gorlin, 1995a). The most common type is a congenital, severe non

progressing hearing loss, associated in some pedigrees with vestibular hypo-function and 

structural abnormality of the inner ear (Reardon et al., 1993). The female carriers of this type 

may have mild to moderate hearing impairment. In approximately half the families that have 

been described with this type, the POU3F4 gene on band q21 of the X chromosome has been 

identified as the cause (De Kok et al., 1995).i The gene has a role in regulating morphogenetic 

events during early development of the inner ear in the embryo, and is also known to cause 

progressive mixed hearing loss with perilymph gusher. The major characteristics of the latter 

disorder are moderate to severe mixed hearing loss, fixation of the stapes footplate, perilymph 

gusher during stapedectomy and vestibular hypo-function. The hearing loss may be 

progressive. Another distinction of this phenotype is that most of the female carriers have a 

variable mixed hearing loss, more marked in the low-frequencies (Cremers & Huygen, 1983). 

A moderate, sensorineural hearing loss was described in two pedigrees (Livan, 1961; Pelletier 

& Tanguay, 1975) with adolescent onset and slow progression, and X-linked moderate 

sensorineural hearing loss has been described in a single kindred (Wellesly & Goldblatt,

1992).

Although the clinical picture is relatively reproducible and constant in affected males 

of specific pedigrees, mutations within a single gene may cause different types of hearing loss 

in different pedigrees (pleiotropy), and some clinical profiles, such as congenital severe 

sensorineural hearing loss, is probably caused by several genes (Reardon et al., 1992).

1.11. The challenge of ARNSHL

ARNSHL is the most common hereditary cause of hearing impairment, accounting for 

approximately 70% of cases. Hence, the identification of a characteristic audiological profile in a 

subset of pedigrees is particularly pertinent in a clinical/genetic context. The success in mapping 

genes responsible for non-syndromic hearing loss attained in recent years has brought about a surge
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of interest in studying phenotypic characteristics in families with known and new loci. The finding 

that mutations in the GJB2 gene are a common cause of ARNSHL (see section 1.8.2 above) has 

opened an opportunity of implementing the first clinical genetic screen for mutations in the gene in 

sporadically affected individuals seeking counselling. At present, it is not yet known why some 

individuals with mutations in the gene (which can also cause ADNSHL), do not have any hearing 

impairment (Scott et al., 1998), or why in many individuals with apparent ARNSHL only one GJB2 

mutation has been found (Steel, 1998). A phenotypic-genotypic correlation in families with known 

loci would help to establish whether a mutation in a particular locus might be identified by a distinct 

corresponding phenotype. If such a correlation is shown to exist for some loci involved in 

ARNSHL, it could provide a basis for grouping small unrelated families with the same phenotypic 

profile together for a similar analysis, which could potentially lead the way to mapping new loci, and 

help to select appropriate families for genetic screening.

The phenotypic profiling of the affected and the carriers within each sibship in ARNSHL 

pedigrees each present its own challenges and problems: in the affected individuals, the auditory 

expression of different genetic types has thus far not been shown to be sufficiently diverse to allow a 

classification that relies solely on the pure-tone audiogram. Furthermore, the most prevalent type of 

genetic defect in ARNSHL is neuro-epithelial (Steel & Bock, 1983; Steel & Palmer, 1996), a defect 

that does not usually cause ear malformations. In addition, the majority of individuals in whom 

ARNSHL has been identified have severe or profound sensorineural hearing loss (see section 

1.12.1 below), which precludes the application of diagnostic audiometric tests that would help to 

differentiate the various types of hearing loss that may be associated with this condition, and localise 

it to either the cochlea itself, the eighth nerve or the central auditory nervous system (CANS). In 

order to improve the phenotypic classification of the hearing-impaired subjects, alternative 

phenotypic descriptors should be sought, in particular vestibular assessment (see section 1.12.2 

below) and radiological investigations, which may reveal morphological inner ear changes in a sub

set of families with ARNSHL.

An additional consideration should be given to whether the phenotypic findings in affected 

siblings within the same family (who have the same mutant genes) are concordant. Concordance 

implies a predictable cause and effect relationship between a mutant gene and the resulting 

phenotype that is not susceptible to environmental and/or endogenous influences. If such 

concordance is found, it may provide a basis for grouping small unrelated families, in whom the
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affected share the same characteristic. By contrast, variability in the phenotypic expression of 

affected-siblings from the same family implies that the resulting phenotype is susceptible to changes 

caused by either environmental and/or genetic factors, and thus cannot provide a reliable basis for 

sub-classifying families. From an epidemiological aspect, this also implies that ARNSHL is under

ascertained, and the identification of the condition in families who have just one affected child would 

be further hindered.

'Dips'
+ small 
OAE's

'Dips'
+ small 
OAE's

DEAF 'Dips' 
+ small 
OAE's

Figure 1.10. A diagram illustrating how a phenotypic trait, breeding true within a sibship, may be 

used to infer the carrier status of extended family members.

Key: dotted pattern indicates a common locus. ♦ / *  = Symbols indicating different mutations. 

? = Carrier status unknown.

The heterozygote carriers of ARNSHL, who each cany a single mutant allele, are presumed to be 

phenotypically normal. However, it is not unreasonable to assume that subtle and/or sub-clinical 

changes in auditory function may be revealed, particularly since two mutant alleles in the 

homozygotes often cause a severe deficit in hearing. The identification of such attributes may 

provide a more reliable basis for differentiating families with ARNSHL than has been possible from 

studying the phenotypic presentation of the affected individuals alone. Moreover, if a particular 

phenotypic characteristic is found to breed true within a pedigree, and is shown to be linked to the
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carrier state, it may be used to assess risk factors in extended family members (Figure 1.10). 

However, there are several potential problems: a) to date, the various loci have been mapped in 

inbred families/populations, where control-matched audiological profiling is difficult to attain; b) the 

audiological changes, if present, are likely to be subtle, making discrimination from controls 

difficult; c) high genetic heterogeneity means that audiological changes, if present, are likely to be 

found with only some mutations at some gene loci. Even within a parent set, a probable allelic 

heterogeneity is assumed, which may lead to phenotypic variation, and d) averaging test results of a 

large number of individuals across pedigrees, who are probably heterogeneous genetically, may 

mask subtle but distinct aberrations in function that are pedigree specific.

In this study, families in whom ARNSHL was carefully ascertained would undergo a 

protocol of investigations, consisting of the tests described in sections 1.12 and 1.13 below. The 

audiometric array of tests was selected to provide a detailed evaluation of the frequency, intensity 

and temporal properties of auditory function, and a complete evaluation of the integrity of the 

auditory system at different levels that may be attained with currently available tests (Figure 1.11). 

Together with a detailed assessment of vestibular function in the affected, it is hoped that this 

comprehensive phenotypic evaluation of ARNSHL pedigrees would provide a foundation and 

reference for future studies in genetic hearing loss and contribute to the evolution of a standardised 

protocol of investigations for describing genetic hearing impairment. The relevance of each test to 

this study of ARNSHL is discussed in each section, and the overall aims of the study are outlined in 

section 1.14 below.

1.12. Audio-vestibular evaluation in the affected (homozygotes)

1.12.1. Pure-tone audiometry (PTA) and additional audiometric tests

ARNSHL most commonly presents as a severe or profound congenital sensorineural 

hearing loss (Fraser, 1976, Nance, 1980). A more detailed analysis o f audiograms, carried 

out by Liu et al., (1994) on 50 individuals with ARNSHL, showed that almost four out of 

every five subjects investigated had either a residual audiometric configuration (57.5%) or 

a sharply sloping one (20.8%). Auditory thresholds that are worse in the high frequencies 

than the low ones typify both configurations.

56



Chapter I : Proposed audio-vestibular evaluation in the hearing impaired subjects

nerve

Inner
ear

ART

ABR

OAE

Bekesy & 
Audioscan

PTA AC & BC 

Tympanometry

Figure 1.11. Diagram to illustrate the sections o f  the auditory pathways evaluated in the 

proposed protocol o f  investigations.

Key : OHCs = outer hair cells. IHC = inner hair cells. EE = external ear.

ME = middle ear. CN = cochlear nucleus. SOC = superior olivary complex.

TB = trapezoid body. IC = inferior colliculus. MGB = medial geniculate body.

57



Chapter 1: Proposed audio-vestibular evaluation in the hearing-impaired subjects 

However, these configurations are not specific to ARNSHL: both have been commonly 

observed in acquired hearing loss, and the latter is also the most common configuration in 

autosomal dominant non-syndromic hearing loss (Liu & Xu, 1994). By contrast, the flat and 

the low frequency configurations, which were found in a small proportion of subjects with 

ADNSHL, were not encountered in any subject with ARNSHL, and appeared to be specific to 

the former condition. Thus, the flat and low-frequency rising configurations, identified in a 

minority of individuals, emerged as highly specific, and could therefore be utilised to resolve 

broad aetiological categories such as acquired versus genetic, or autosomal dominant versus 

recessive in that population.

In this study, the pure-tone audiograms of homozygotes would be analysed, with a 

view to establish whether the previously reported audiometric patterns outlined above are 

replicated in the families of this study with ARNSHL. Comparisons with previously reported 

results in either Chinese (Liu & Xu, 1994) or Italian families (Martini et al., 1996) may reveal 

auditory attributes that are specific to the English families. Behavioural assessment of loudness 

discomfort levels (LDLs) to establish loudness recruitment (Hood & Poole, 1966), and 

objective diagnostic tests, including acoustic reflex threshold (ART) measurements (described 

in section 1.13.3 below), and auditory brainstem responses (ABRs) (described in section 

1.13.4 below) will be carried out in affected subjects with sufficient residual hearing to allow 

the differentiation between cochlear and retrocochlear hearing loss to be made. In affected 

individuals with bilateral severe to profound hearing loss, the magnitude of the hearing 

impairment is expected to prevent elicitation of an ART or ABR response, but if a response 

were obtained on either test, cochlear pathology would be inferred.

1.12.2. Balance and vestibular function evaluation

The anatomical and physiological similarity between the vestibular and auditory sensory 

organs within the labyrinth leads to the expectation that genetic mutations affecting the cochlea 

may also involve the vestibular apparatus. Numerous examples of an association between 

genetic hearing loss and vestibular dysfunction are found in mice (Steel, 1995), however, in 

humans, there is a paucity of vestibular results in genetic hearing impairment. A number of 

factors account for the paucity in data: (i.) the apparatus required for vestibular testing is 

expensive and therefore not widely available; (ii.) vestibular tests lack the sensitivity and
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specificity required for fine differentiation of aetiological and functional categories, in that only 

the horizontal canal is evaluated (see section 1.12.2.2.2 below), and the available tests are too 

crude to allow an appropriate evaluation that would match the anatomical and functional 

complexity of the vestibular system, and (iii.) early-onset unilateral or asymmetrical peripheral 

vestibular deficits are likely to compensate, and it is possible that the only indication of a 

bilateral deficit would be a delay in sitting and/or walking age (Moller, 1996), which is not 

necessarily vestibular in origin. Moreover, there may be considerable variation both in the 

ability and the extent of compensation in individuals with similar vestibular insults, ranging 

from a minimal unilateral to a total bilateral absence of vestibular responses. Last, acquired 

vestibular problems are relatively common in adults, and their differentiation from genetic 

causes may prove impossible.

Notwithstanding these difficulties, vestibular evaluation proved instrumental in 

differentiating sub-types of syndromal conditions such as Usher types I and II (Moller & 

Odkvist, 1989; Kimberling et al., 1989, 1990). Vestibular deficits were also found in X-linked 

hearing loss with perilymph gusher during surgery and anatomical abnormalities of the inner 

ear (Phelps et al., 1991; Reardon et al., 1993), in whom some of the subjects were shown to 

have mutations in the POU4F3 gene (De Kok et al., 1995), although in these examples the 

vestibular deficits that were found were severe.

In non-syndromic congenital hearing loss, vestibular function has not received the 

attention it warrants. Clinically, many children with congenital hearing loss are observed to be 

‘clumsy’, but a study based on collected information from 5,000 deaf students reported normal 

balance function in 70% of the students, with no apparent difference between congenital and 

childhood onset hearing impairment (Shambaugh, 1930). By contrast, using the bithermal 

caloric test, Sandberg & Terkilden (1965), and Diepeveen & Jensen (1968), reported that only 

15% of 55, and 20% of 57 deaf children respectively had normal vestibular function. More 

recently, Moller & Odkvist (1989) assessed early developmental milestones, such as sitting 

and walking age, in children affected by Usher syndrome, and reported that none of the 

children with absent vestibular responses on either caloric or rotational tests could walk before 

the age of 18 months. These findings were also confirmed in a follow-up study of vestibular 

function on 32 children with either congenital or childhood onset severe or profound hearing 

impairment (Moller, 1996), attributed to hereditary causes in approximately 60% of the
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children: more than half of the children were found to have balance deficits, indicated by a late 

walking age (>18 months), falling during the Romberg test (see section 2.1.4) with eyes 

closed, and clumsiness in sports such as cycling and gymnastics. In 35% of these children, 

vestibular tests (the bithermal caloric test and posturography) were also abnormal. These 

findings suggest that delayed motor development may have a vestibular aetiology.

In view of the apparent uniformity of the audiometric profiles of many ARNSHL cases, 

and the fact that identification of audiometric sub-types that may exist is obscured by the 

severity of the hearing impairment, it may be hypothesised that a detailed evaluation of 

vestibular function would provide a basis for classifying families with a uniform auditory 

profile, particularly if a greater concordance in the vestibular findings of affected siblings than 

affected individuals from unrelated families were revealed.

In this study, the prevalence of general balance and vestibular deficits that may be 

attributed to genetic causes, through careful exclusion of possible acquired events at the pre-, 

peri- and post-natal stage will be established in the homozygotes with ARNSHL. The analysis 

of data would focus on (a) the association between general balance problems and deficits on 

vestibular tests, (b) the relationship between balance/vestibular deficits and the severity of the 

hearing loss, and (c) the extent to which poor balance/vestibular deficits are concordant within 

sib-pairs of each pedigree.

The peripheral vestibular system is described below in brief outline, followed by 

description of investigations of balance in general and specifically the vestibular system.

1.12.2.1. The peripheral vestibular system

The vestibular apparatus within the labyrinth is specialised to detect angular and linear head 

movements and static head tilt. The latter two are detected by receptors in the utricle and 

saccule within the vestibule, whereas angular head movements are detected by receptors in the 

semi-circular canals (Figure 1.1). The auditory and vestibular organs are similar in structure 

and mechanisms of stimulation, but differ in one important aspect: whilst the peripheral 

auditory organs on each side of the head are independent of each other, the peripheral 

vestibular organs on either side of the head are maintained in a state of equilibrium by equal 

and opposing tonic elements, such that a normal response to any stimulation results in an 

increase in the firing rate of one side, together with a decrease in the other (Rudge, 1983).
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1.12.2.1.1. The utricle and saccule

The sensory epithelium in the utricle and saccule is known as the macula. In the saccule it lies 

vertically on the medial wall, whereas in the utricle it lies on the floor (Figure 1.12). The 

angular relationship of their position suggests that these sensory bodies detect linear 

movements that are mutually at right angles to each other. An additional feature is that the hair 

cells are orientated in opposite directions on either side of a curved line (striola) that runs 

through the centre of the maculae. The curvature ensures that the macula is sensitive to head 

displacements at different angles. In the utricle the kinocilia face the striola, whereas in the 

saccule they face away from it. The surface of the maculae are covered by the otolithic 

membrane, into which the macular stereocilia protrude. The specific gravity is more than twice 

that of water, and this resting stimulation is modulated in response to head movements. The 

mechanism of stimulation is similar to that found in the cochlea: linear head movements 

displace the otolith membrane through the combined force of the applied linear acceleration 

and gravity. The displacement of the membrane is greatest at low frequencies. Displacement in 

one direction has an opposing physiological influence on the hair cells on either side of the 

striola. The nerve fibres innervating the maculae are activated by changes in position of the 

head in space, increasing or decreasing the resting neural firing rate. This information is 

transmitted to the central nervous system (CNS), where reflexes are initiated to contract 

muscles that dynamically oppose the force acting on the head, in order to control gaze and 

maintain balance (Baloh & Honrubia, 1990, for a review).

1.12.2.1.2. The semi-circular canals

The three canals open into the utricle via five openings. Each canal forms two thirds of a circle, 

that enlarges at one end to form the ampulla. On the ampulla lies the crista, the sensory 

epithelium of the semi-circular canals, in a mound shape. The crista is composed of sensory 

hair cells, supporting cells and nerve terminals. The sensory cells, clustered on the mound, 

project a single long kinocilium and numerous stereocilia. In the horizontal canal, the 

kinocilium is nearest to the utricle, whereas the converse arrangement is found in the vertical 

canals. On top of the crista lies the cupula, a gelatinous body that extends to the wall of the 

ampulla to form a watertight seal. The specific gravity of the cupula is the same as that of the 

surrounding fluid, such that it does not normally exert pressure on the crista.
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The three canals are also positioned at right angles to each other, but this is not a 

perfect alignment. The lateral canal is approximately in the horizontal plane, but its posterior 

end is 30° lower than the anterior. The vertical canals lie approximately 45° to the coronal 

plane, and are joined at their medial end, such that the anterior canal on one side is in the same 

vertical plane as the posterior canal of the other.

Lateral semicircular canal

Figure 1.12. Schematic drawing illustrating the angular relationship of the macula in the utricle and 

saccule. From H. Frenzel: Spontan undProvokations-Nystagmus als Krankheitssymptom. Berlin, 

Springer Verlag, 1995. Key: U - utricle. S - saccule.

Due to inertia, angular head movements initiate endolymphatic flow in the opposite direction 

(Figure 1.13). Because the canals are very narrow, the fluid within them is permitted to flow 

only along the canal. The direction of fluid determines whether the cupula is deviated towards 

the utricle, or away from it. Regardless of the direction, this movement causes the cilia to 

bend. In the lateral (or horizontal) canal, cupular deviation towards the utricle means that the 

stereocilia are bent towards the kinocilium, causing excitation, and an increase in the resting 

potential of the vestibular neurones. Cupular deviation away from the utricle results in 

inhibition, or a decrease in the resting discharge of the vestibular neurones. This mechanical 

force is converted to electrical activity, which modulates the nerve action potential. The axons 

of the vestibular neurones, which synapse at the base of the hair cells, form the vestibular 

nerve and project to the vestibular nuclei in the brainstem, where integration of labyrinthine
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and other somato-sensory activity takes place. From the vestibular nuclei run both excitatory 

and inhibitory connections to the extra-ocular nuclei, resulting in compensatory eye 

movements. The induced eye movements will occur in the plane of the canal being stimulated. 

This mechanism is known as the vestibulo-ocular reflex (VOR), and its functional role is to 

stabilise gaze for clear vision. Unilateral vestibular lesions that result in reduced or absent tonic 

element on one side will cause a sensation of imbalance, interpreted by the brain as a 

movement of the head, resulting in vertigo.

CUPULA

AMPULLA

TO  C . N . t .

Figure 1.13. The relationship between the direction of head rotation (large arrow), endolymph flow 

(small arrow) and cupular deviation. From R. W. Baloh and V. Honrubia: Clinical neurophysiology 

of die vestibular system (2nd edition). Philadelphia, FA. Davis Company, 1990.

1.12.2.2. Evaluation of general balance and vestibular function

Normal balance is maintained by the integration of inputs from three sensory systems: visual, 

vestibular and proprioceptive. Their integration takes place in the brainstem and cerebellum, 

where they are processed and then transmitted through efferent fibres to the peripheral 

muscles, which maintain co-ordinated movements. As outlined in section 1.12.2.1, the
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vestibular system, through the vestibulo-ocular reflex, co-ordinates the head and eyes when 

performing rapid movements.

The loss of just one of the three inputs (e.g.: walking on a thick carpet 

(proprioception), or in complete darkness (visual)) would cause minor if any difficulties to 

subjects with normal balance, if the onset of the deficit is congenital or gradual. However, the 

loss of two of the three inputs, such as may be experienced by a visually-impaired person 

walking on a thick carpet or an uneven floor, may cause marked difficulties to the maintenance 

of normal balance. Balance abnormalities may be found in individuals with hereditary hearing 

impairment associated with visual deficits (e.g.: Usher syndrome). In such cases, a caloric test 

(section 1.12.2.2.2 below) can help to delineate the cause of the balance deficit to either the 

visual or the vestibular sensory organs (a normal caloric test would exclude vestibular hypo- 

function). As non-syndromic hearing loss is not associated with additional sensory deficits that 

are important to maintaining normal balance (e.g.: visual impairment), any balance 

abnormalities that may be found would be inferred to be of vestibular origin, particularly if an 

association between caloric and balance abnormalities was demonstrated. However, such an 

association may not be clear cut in ARNSHL, because thus far the condition has not been 

shown to be linked with ear malformation, and vestibular abnormalities, if found, are likely to 

be rather subtle (Huygen et al., 1993).

1.12.2.2.1. Evaluation of Balance

Evaluation of balance in the affected was obtained through a clinical history questionnaire 

(obtained from the parents) and a clinical examination (outlined in section 2.1.4). On clinical 

history, balance deficit were gleaned from delay in developmental milestones, particularly 

sitting and walking age, and reported difficulties in performing motor activities that require co

ordination, such as running, cycling or gymnastics. The clinical examination of balance 

consists of testing postural stability with the eyes closed, gait and tandem walk testing with 

eyes open and closed (as outlined in section 2.1.4).

The vestibular evaluation consisted of a clinical examination of eye-movements 

(outlined in section 2.14), the bithermal caloric test and electronystagmography. The latter two 

are described below.
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1.12.2.2.2. The bithermal caloric test

In the caloric test, the compensatory eye movements induced by the VOR in response to 

angular acceleration of the head are created artificially: endolymphatic flow is induced in the 

horizontal canal using a non-physiological stimulus (usually water), that is irrigated to each ear 

at a temperature that is either 7° C colder or hotter than body temperature. This creates a 

temperature gradient between the lateral and medial limbs of the canal (Figure 1.14). The test 

is conducted with the subject lying supine, and the head elevated 30°, to bring the horizontal 

canal to the vertical position. The temperature gradient creates a difference in the specific 

gravity of the two sides of the canal, triggering endolymphatic flow.

Ampullopetol deviation
of cupula

f  Ampulla
Middle

ear

44°C WaterUtricle
External
cano!

Cristo

Horizontal Y
semicircular gravity 
canal vector

temp.

distance from external canal

Figure 1.14. Mechanism of caloric stimulation of the horizontal semicircular canal. From R.W. 

Baloh and V. Honrubia: Clinical Neurophysiology of the Vestibular System (2nd Edition). Philadelphia, 

FA. Davis Company, 1990.

With angular head movements, the eyes drift in the direction of the cupular deviation, opposite 

to the direction of endolymphatic flow. Stimulation of the right canal with hot water decreases

65



Chapter 1: Proposed audio-vestibular evaluation in the hearing-impaired subjects 

the density on that side and causes cupular deviation to the left, so eyes drift to the left, 

inducing fast corrective eye movements to the right (nystagmus). A cold stimulus produces the 

opposite (ampullopetal), and the nystagmus beats away from the stimulated ear. The direction 

of eye movements is always determined by the fast component, and the acronym COWS (cold 

- opposite, warm - same) helps to remember the expected direction of nystagmus following 

each irrigation.

Several parameters of the induced eye-movements may be measured, including 

duration, slow component velocity (SCV), frequency and amplitude. Of these, the duration 

component is most easily obtained, by direct observation of the induced nystagmus, whilst the 

subject is gazing at a fixation light attached to the ceiling straight above, in a method originally 

described by Fitzgerald and Hallpike (1942). Sometime later, Hood and Korres (1979) have 

illustrated that the various parameters of the caloric test alter dramatically compared with the 

Fitzgerald-Hallpike test, if the caloric test is carried out in total darkness, and the eyes are 

observed with an infra-red viewer or Frenzle’s glasses: the duration of the caloric response 

doubles, whereas the SCV is increased by a factor of 8. There is a similar effect on other 

parameters, although less dramatic. On the basis of these results one would be tempted to 

carry out the test without fixation throughout, however, Hood and Korres have shown that the 

test is most informative with respect to clinical differentiation of peripheral or central 

vestibular pathologies, when each irrigation is carried out first using the standard Fitzgerald- 

Hallpike technique, and upon diminution of the response, optic fixation is removed, to allow 

the expected enhancement in the dark to be observed. In peripheral vestibular lesions, the 

authors have found that the duration of the induced nystagmus with fixation is shorter than 

normal (attributed to reduced afferent information on the side of the pathology), and the 

removal of optic fixation results in enhancement by nearly a factor of 2. In central pathology, 

the duration of the response to caloric irrigation with optic fixation was found to be longer 

compared with peripheral pathology (attributed to loss of inhibition control due to interruption 

of vestibular-cerebellar connections), with little or no increase in darkness.

The caloric test is the most widely used vestibular test, because it allows each labyrinth 

to be stimulated separately, and requires simple and inexpensive equipment. However, it is 

important to recognise its limitations: first, only the horizontal canal can be effectively 

stimulated in this way; second, there is considerable inter-subject variability in the results,
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because the caloric response is influenced by personal anatomical and physiological attributes 

such as the blood flow to the skin, temporal bone thickness and its conduction properties and 

the distance between the tympanic membrane and the ampulla of the horizontal canal. Third, 

inhibition of the VOR, manifesting as bilaterally reduced or absent caloric responses, can be 

learnt (usually for professional reasons, as in dancers or pilots). To overcome pitfalls in 

interpretation which stem from a wide cross-subject variability, the caloric test is best 

interpreted by comparing the responses from the two ears of the same individual.

1.12.2.2.3. Electronystagmography (ENG)

(Reviewed by Baloh & Honrubia, 1990; Davies & Savundra, 1998).

Electronystagmography is a recording of eye-movements that are elicited in response to visual 

and vestibular stimuli. The principle of the test relies on a potential difference between the 

cornea and the retina, known as the comeo-retinal potential. The potential varies by a ratio of 

approximately 2:1 between its magnitude in the light and in the dark, depending on the amount 

of light reaching the retina. Displacement of the eyes alters the comeo-retinal potential, and the 

change is picked up by electrodes placed on either side of the eyes, and then amplified. The 

plane of the recording electrodes defines the plane of recorded eye movements.

The ENG is an important test for identifying pathology at all levels of the vestibular 

system: a standard ENG test battery, consisting of recording spontaneous and gaze-evoked 

nystagmus and tests of visual-ocular control (Table 1.2) would screen areas of potential 

abnormality. Its advantages include (i) the provision of a permanent record of the eye- 

movements, and (ii) a means of quantifying the SCV, frequency and amplitude of spontaneous 

and induced nystagmus with and without fixation. The addition of rotation tests to the test 

battery provides a more detailed evaluation of the horizontal semi-circular canal ocular reflex 

than may be attained using the bithermal caloric test alone, because rotation tests are carried 

out using controlled, multiple graded stimuli, at both low and high frequencies, whereas the 

caloric irrigation is a low-frequency sinusoidal stimulation. In addition, rotation tests do not 

usually cause discomfort to the patient, and are not affected by individual variations in the 

physical properties of the outer canal or temporal bone as the caloric test, and are therefore 

more directly related to the response. However, the equipment required for controlled 

rotational tests is very costly, and in addition, both labyrinths are tested simultaneously during
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rotational tests. This latter feature makes rotation tests particularly suited to testing subjects 

with bilateral peripheral vestibular lesions, in whom some function may remain (even when 

caloric responses may be bilaterally absent), and accurately quantified using graded rotation 

stimuli. The ENG test results can be effectively applied to detect either unilateral or bilateral 

vestibular hypo-function and localise it to either the peripheral or central vestibular system, as 

shown in Table 1.2.

Table 1.2. The ENG test protocol and typical clinical findings in peripheral and central vestibular 

pathology.

Key: N = nystagmus. SP = smooth pursuit. OKN = optokinetic nystagmus. VOR = vestibulo- 

ocular reflex. VORS = vestibulo-ocular reflex suppression.

Test Typical findings in peripheral 

vestibular pathology

Typical findings in 

central vestibular 

pathology

Spontaneous & 

Gaze-evoked 

nystagmus

• Uni-directional

• Beats away from pathology

• Enhanced with fixation removal

• Direction of N unaltered with 

gaze position

• Often bi-directional

• Usually larger on the pathology 

side

• Unaffected by fixation removal

• Direction of N may alter with 

gaze position
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Table 1.2 continued.

Tests o f visual-ocular control:

Sm ooth • Normal, or impaired c/1 to • Abnormalities are often non

Pursuit (SP) pathology when the eye are specific

moving in the direction of the • Low gain and saccadic

fast component of spontaneous interruptions may be found

nystagmus bilaterally, i/1 or c/1 to the 

pathology

OKN • Normal and symmetrical, or • Symmetrically decreased SCV

enhanced when the curtain is in diffused pathology, unilateral

rotating in the opposite abnormality in unilateral

direction to pathology pathology when the curtain 

rotates towards pathology

Rotatory chair tests:

Test Typical findings in peripheral 

vestibular pathology

Typical findings in 

central vestibular 

pathology

Impulsive • Asymmetrical responses: • Variable, ranging from similar

Rotation spontaneous nystagmus (in abnormalities as in peripheral

opposite direction to pathology) lesions through increased gain

adding to the rotation induced in cerebellar lesions, to

nystagmus in that direction, deranged patterns of the

subtracting from opposite induced nystagmus

nystagmus.

Sinusoidal • Normal, or as above • Abnormal (as above)

rotation

VO RS • Normal • Failure to suppress
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1.13. Audio-vestibular evaluation in the obligate and possible carriers 

(heterozygotes).

1.13.1. Pure-tone audiometry

In the heterozygous carriers of ARNSHL, the hearing thresholds at octave frequencies, 

measured using the standard pure-tone audiometry test procedure, are universally reported to 

be normal (Stevenson & Cheesman, 1956; Wildervanck, 1957; Marres & Cremers, 1989; 

Gorlin, 1995a). Nonetheless, it is possible that some mutations may give rise to mild but 

widespread damage in the basilar membrane, involving several frequencies, which may be 

apparent on standard octave audiometry. Animal studies on mice homozygous for the deafness 

mutation revealed widespread degeneration of all cell types within the organ of Corti and the 

spiral ganglion (Bock & Steel, 1983; Pujol et al., 1983), although in this case auditory 

thresholds in heterozygotes, evaluated using auditory brainstem responses, appeared normal 

(Kirsch et al., 1993).

The failure to detect any abnormalities on PTA in the obligate carriers may stem, at 

least in part, from the application of audiometric classifications to describe genetic hearing 

impairment, which were traditionally designed to quantify the degree of disability that may be 

expected from various degrees of hearing impairment (WHO, 1980; Parving & Newton,

1995), and are derived from averaging hearing threshold levels (HTLs) across frequencies.

The application of such 'normal hearing' criteria to the heterozygote carriers of ARNSHL may 

be inappropriate, in that they are likely to obscure subtle changes in the hearing thresholds at 

discrete frequencies, or audiometric configurations which may be important diagnostically.

1.13.2. Sweep audiometry tests

Sweep audiometry tests allow the evaluation of auditory thresholds at over 60 frequencies per 

octave, thus offering a far greater resolution than can be obtained from the standard pure-tone 

audiometry. Historically, Bekesy sweep audiometry (Von Bekesy, 1947) has been the only 

available method of determining hearing thresholds at frequencies between octaves. With this 

technique, the auditory thresholds are derived from the mean of the zigzag excursions resulting 

from the simultaneous change of intensity and frequency (Figure 1.15, top trace). This may
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lead to errors in measurements of dips, since their margins are poorly defined. Moreover, 

changes in thresholds, which occur over a narrow bandwidth, may be missed altogether.

Recently, an alternative method of obtaining sweep audiometric thresholds was 

developed. The technique, known as audioscan sweep audiometry (Meyer-Bisch, 1990), is 

designed to attain greater accuracy in defining dips than the Bekesy technique. It employs a 

test tone that sweeps across the frequencies at fixed intensities (Figure 1.15, lower trace) 

which make it possible to detect dips of narrow bandwidth, with clearly defined margins. 

However, the reliability of this technique has been called into question. First, the duration of 

the audioscan test is dependent on the audiometric configuration and usually takes longer than 

Bekesy, even when the hearing is normal, whereas the duration of the Bekesy test is fixed and 

independent of the audiometric configuration. Second, the audioscan test tone is delivered in 

ascending order of intensity, such that throughout the test, the tone is perceived at threshold. 

Third, the pitch of the test tone is difficult to predict, unlike the Bekesy, where the test tone 

changes at a predictable sequence. These aspects of the audioscan test combine to produce a 

difficult psychoacoustic task, which may strain the ability of the average listener to 

concentrate, and lead to unreliable results.

Using Bekesy sweep audiometry test, Anderson & Wedenberg (1968) have found 

mid-frequency dips in 16% of 60 presumed ARNSHL carriers compared to only 2% of 

controls. The carriers conformed to the following selection criteria: a) normal hearing parents 

with at least one hearing impaired child in whom the examination disclosed no exogenous 

cause for the hearing impairment, and b) the child had siblings with hearing impairment of 

unknown cause and/or the examination revealed a high incidence of inexplicable early onset 

hearing impairment in the family. However, other authors have been unable to reproduce these 

results, either in autosomal recessive (Marres & Cremers, 1989) or other genetic conditions 

(Parving, 1978), and the value of Bekesy dips in the identification of carriers of ARNSHL 

remains unresolved.
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Figure 1.15. Sweep audiometry tests. Bekesy audiogram showing a dip at 4 kHz (top). 

An audioscan test result showing a dip at 3 kHz (lower trace).
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The initial studies following the introduction of the audioscan showed greater 

sensitivity of this technique over the Bekesy method in detecting dips. In a study of three 

pedigrees with Usher type II (Meredith et al., 1992), all 5 obligate carriers that were tested and 

three out of four possible carriers (67% risk) were found to have dips on the audioscan, 

compared to one carrier with a Bekesy dip, that was not replicated on the audioscan. Of 30 

control subjects of this study, four had dips on audioscan and none on Bekesy (Meredith et al., 

1992). The results of this study were striking, in that the proportion of obligate and possible 

carriers, and of control subjects with audioscan dips fitted very closely with the expected 

Mendelian proportions, and pointed to a strong association between the presence of audioscan 

dips and the carrier state. However, subsequent studies revealed a weaker association between 

audioscan dips and the carrier state in ARNSHL than was previously indicated (Stephens et 

al., 1995), and in Usher Syndrome type IB (Wagenaar et al., 1996), the presence of audioscan 

dips was not found to be associated with the carrier state. These studies highlight the need to 

compare the two methods in the same patient and control populations, and establish 

appropriate criteria for depth and peak frequency of dips on Bekesy and audioscan, that would 

provide the best differentiation of the controls from the carriers (assuming that carriers as a 

group do have an increased frequency of dips), and to assess the value of Bekesy and/or 

audioscan in the detection of carriers of ARNSHL.

1.13.3. Acoustic reflex thresholds (ART)

The stapedial muscle is attached to the crura of the stapes in the middle ear, and is innervated 

by the facial nerve. When loud sounds are heard, the muscle contracts in both ears. The 

contraction triggers a movement of the ossicular chain, pulling the tympanic membrane 

inwards, and leading to an increase in its stiffness. These changes alter the efficiency of the 

conducting mechanism of the ear, and their measurement form the fundamental principle of 

impedance audiometry (Metz, 1946). The acoustic reflex contracts to sounds > 80 dB HL, and 

its threshold is the same (< 105 dB HL) in normal hearing ears and ears with cochlear hearing 

loss not exceeding 55 dB HL (Silman & Gelfand, 1981; Cohen & Prasher, 1992). In eighth 

nerve lesions, the acoustic reflex threshold (ART) is often elevated or absent unilaterally on 

stimulating the affected side (Hirsch & Anderson, 1980a and 1980b), whereas in brainstem 

lesions bilateral elevation of the acoustic reflex thresholds is often observed (Jerger & Jerger,
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1977; Hannely et al., 1983; Cohen & Prasher, 1988 among others). Conductive lesions either 

prevent the reflex from contracting, or else attenuate the sounds delivered to the ear to the 

extent that they are not sufficiently loud to elicit the reflex. Therefore ART measurements can 

only be utilised in differential diagnosis of cochlear versus retrocochlear pathology once 

conductive pathology has been ruled out.

Interest in ART measurements as a tool for detecting ARNSHL carriers began 

following the study of Anderson & Wedenberg (1968), reporting, in addition to Bekesy dips, 

pathologically elevated ARTs in 62% of 60 genetic carriers (presumed autosomal recessive) 

compared with only 3% of 100 controls. Once conductive pathology has been ruled out, the 

finding of pathologically elevated ARTs is almost always indicative of either eighth nerve or 

brainstem pathology (except in the case of facial nerve palsy), and Anderson and Wedenberg’s 

findings not only imply that ART measurements are a sensitive tool for detecting ARNSHL 

carriers, but also that the most common type of hearing loss in ARNSHL is retrocochlear. 

These implications are not consistent with current evidence based on mice models (Steel & 

Palmer, 1996; Brown & Steel, 1996; section 1.9 above) and phenotypic studies in ARNSHL 

families (Gorlin, 1995a, and Table 1.1 above), that the predominating underlying pathology in 

ARNSHL is cochlear. Furthermore, in a study comparing the diagnostic value of various ART 

criteria (Prasher & Cohen, 1993), the ART upper limit criteria used by Anderson and 

Wedenberg to define ART abnormalities in the carriers failed to differentiate effectively 

cochlear from retrocochlear pathology. Other authors have not been able to replicate their 

findings: in a study of a large ARNSHL pedigree, none of the obligate carriers were found to 

have ART abnormalities (Marres & Cremers, 1989), and in a study of pedigrees with Usher 

syndrome type IB, only one of five obligate carriers were reported to have bilaterally absent 

ARTs, although in this individual, no ABR abnormality was found (Wagenaar et al., 1996).

1.13.4. The auditory brainstem response (ABR)

The auditory brainstem response consists of a series of five waves, evoked in the 10 ms period 

following a click stimulation (Figure 1.16). The most consistently studied components are 

waves I, III and V, which have their primary origin in the region of the cochlear nerve, superior 

olivary complex and inferior colliculus, respectively, although more than one generator is 

thought to contribute to each component (Huang & Buchwald, 1977). Wave latency is the

74



Chapter 1: Audio-vestibular evaluation in the carriers

most important parameter of the response, and is the same in normal ears and ears with 

sensorineural hearing impairment of mild to moderate levels. Delayed or absent waves, and 

prolongation of inter-wave intervals are observed in eighth nerve or brainstem pathology 

(Eggermont et al., 1980; Cohen & Prasher, 1988; Markand et al., 1989). Clinically, the ABR 

test is the single most sensitive audiometric test of eighth nerve and brainstem pathology. 

Normal ABRs depend on an intact synchrony of transmission of neural impulses, thus adding a 

temporal dimension to the evaluation of frequency and intensity in the obligate carriers using 

the auditory tests already described.

CN

NLL

SOC

Figure 1.16. The generators of the brainstem auditory evoked potentials. From: P. Rudge: Clinical 

Neuro-otology. New York, Churchill Livingstone, 1983.

Key: CN = cochlear nucleus. SOC = superior olivary complex. NLL = nucleus o f lateral 

lemniscus. IC = inferior colliculus.

Several important features are shared by the ABR and the ART tests: both tests are 

objective, both are elicited by suprathreshold stimulus levels, and both have independently 

been shown to be highly effective in differential diagnosis of cochlear versus retrocochlear 

pathology. The acoustic reflex arc and the auditory brainstem responses (ABR) share a 

common pathway from the auditory nerve through the cochlear nucleus to the superior olivary
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complex, and thereafter separate, the acoustic reflex pathway continuing to the facial motor 

nucleus (Borg, 1973), and the auditory brain stem pathway continuing through the lateral 

lemniscus to the inferior colliculus (Huang & Buchwald, 1977). Theoretically, this provides a 

means for differentiating between lesions affecting the common pathways, and those affecting 

separate sections of the pathways involved in the two tests (Figure 1.11).

1.13.5. Otoacoustic emissions (OAE)

Otoacoustic emissions are sounds that emerge from normal ears as a result of the biophysical 

reaction of the outer hair cells to excitatory vibrations of their stereocilia, and its impact on 

basilar membrane movement (Brownell, 1990; Kemp & Ryan, 1993). The origins of OAE in 

the outer hair cells of the organ of Corti (Kemp, 1978) allow the study of mechanical processes 

in the inner ear, which were previously only accessed using invasive techniques. There are two 

broad classes of OAE: spontaneous otoacoustic emissions (SOAE) and evoked otoacoustic 

emissions (EOAE). The former are recorded in the outer canal without external stimulation, 

and are present in between 35% and 50% of normal hearing ears (Figure 1.17). Clinically, 

spontaneous OAE are of value only in that their presence seems to be more closely related to 

very good hearing (Moulin et al., 1991), and that they often enhance the evoked emissions 

(Norton, 1992). Evoked otoacoustic emissions occur during or after a variety of acoustic 

stimuli. They are sub-classified into two main types, based on the evoking stimuli:

a). Transient evoked emissions (TEOAE): these are the original emissions described 

by Kemp (1978), and the most widely used. They comprise of a frequency dispersive 

response to a brief acoustic stimulus (such as a click or a tone pip) along the basilar 

membrane up to 4 or 5 kHz, occurring some 4-15 ms post stimulation (Figure 1.17).

b). Distortion-product emissions (DPOAE): these are tonal responses to simultaneous 

pure tone inputs of frequencies fl and £2 (fl > f2), that occur at various distortion- 

product frequencies (Figure 1.17). In humans, the 2fl-f2 distortion product has the 

largest amplitude and is therefore most widely used. Distortion products generated by 

low to moderate stimulus levels are a vector sum of two components originating from 

distinct regions of the cochlea: the main generating site from the £2 place, and the
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other, with longer delay, from the distortion product, or “DP place” (Brown & 

Beveridge, 1997).

There are many similarities between click evoked and distortion product emission 

properties, but also some important differences, particularly with respect to the spectral 

properties, frequency resolution and inter-subject variability. Better frequency resolution is 

attained with the DPOAE test, but this is achieved at the expense of the time taken to record 

the response, and thus is not suitable for testing toddlers and young children, who are often 

unable to sit still for long periods of time. The bandwidth of the DPOAE response is wider 

than that obtained with TEOAE, and extends at the high frequencies to 6 kHz, compared with 

4-5 kHz limit on TEOAE (Probst et al., 1991; Probst & Harris, 1993). Finally, although 

DPOAE have larger amplitudes than TEOAE, greater inter-subject variability is observed 

compared with TEAOE. In the context of clinical application, complementary information 

about inner ear function may be obtained from both responses, but when only one response can 

be obtained, the differences outlined above should be considered in selecting the test of choice.

Evoked OAE have several important characteristics, which render them particularly 

useful for a.) Hearing screening in neonates; b.) Measuring the developing functional 

characteristics of active processes in the cochlea in young adults and c.) Differentiating 

cochlear from retrocochlear pathology. They are listed as follows:

• EOAE are present in over 95% of normal hearing ears (Probst, 1990; Robinette, 1992).

• EOAE are correlated well with normal hearing thresholds (Kemp et al., 1986; Martin et al., 

1990), and are abolished when the auditory thresholds at the best hearing frequency 

exceeds 40 dB (Collet et al., 1993; Norton, 1992), except when the hearing loss is neural in 

origin and the cochlea is intact (Bonfils et al., 1991; Katona et al., 1993).

• DPOAE may detect sub-clinical OHC loss prior to its effect on auditoiy threshold sensitivity. An 

amplitude drop of DPOAE has been shown to precede threshold attenuation in children at risk of 

sensorineural loss due to CMV or cancer patients receiving cisplatin (Littman & Emery, 1997).

• EOAE are particularly robust in children, whereas in adults, the OAE amplitude declines 

with age (Moulin et al., 1993).
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Key to Figure 1.17 overleaf
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Figure 1.17. Classes of otoacoustic emissions. Spontaneous otoacoustic emissions (top); 

Transient evoked otoacoustic emissions (middle); Distortion-product emissions (bottom).
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Chapter 1: Audio-vestibular evaluation in the carriers

These characteristic also suggest that EOAE measurements may be potentially highly 

effective in detecting sub-clinical cochlear changes that may be associated with the 

carrier state of recessive hearing loss genes, particularly in view of the fact that the 

genetic defect in ARNSHL principally involves the sensory components of the cochlea, 

and OAE measurements are the only objective audiological method for selectively 

testing OHC function. Neither ABR nor ART are independent measurements of 

responses of the sensory elements of the peripheral auditory system: the ABR relies on 

neural responses that depend on sensory cells, whereas ART measurements examine a 

multineuron event that includes both peripheral and caudal brainstem structures 

(Probst, et al., 1991). The potential of EOAE as a tool for detecting the expected 

genetic changes in OHC function in humans is further supported by evidence from 

animal studies of a rapid decline in the number of inner and outer hair cells, coupled 

with a more gradual decline in spiral ganglion cells occurring during the first year of 

life, found in the recessive non-syndromic mutant deajhess mice (Smith & Webster, 

1997). Huang et al. (1996) have also reported that distinct features of DPOAE patterns 

are associated with different groups of inbred and hybrid mouse strains.

In humans, there is a paucity of OAE data in genetic conditions associated with 

hearing-impairment. The first report was of normal TEOAE and DPOAE in a case with 

dominantly inherited hearing loss due to inner hair cell damage (Bonfils et al., 1991). A case 

history of unilateral idiopathic deafness and normal OAE in a six year old boy also confirmed 

that inner hair cell loss does not affect the EOAE (Welzl-Miiller et al., 1993). Wagenaar et al., 

(1996) studied the correlation between audioscan notches and TEOAE spectra in the 

audiometric notch region in Usher Type IB carriers, and found no significant different 

between the mean OAE amplitude of 14 carriers and 34 age-matched controls, and between 

the incidence of audioscan notches in carriers and controls, except in two carriers, in whom 

there was agreement between the two tests. Lina-Granade et al., (1996) reported similar 

findings in thirteen obligate carriers of ARNSHL, but Laiode-Kemp et al., (1996) have found 

that DPOAE were more effective in revealing damaged regions of the basilar membrane in 

carriers of ARNSHL than audioscan dips.
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1.13.6. Vestibular evaluation in obligate and possible carriers

The prevalence of acquired vestibular abnormalities is very high in adults (O’Mahoney & 

Luxon, 1997), hence it may prove impossible to isolate hereditary components of an identified 

vestibular abnormality. A detailed examination and clinical history will go some way towards 

delineating the causes of balance/vestibular deficits in the carriers, particularly if on that basis, 

acquired factors were ruled out altogether, as this would suggest that any balance/vestibular 

deficits that may have been identified were hereditary.

1.14. Aims and scope of the study

The project aim is to establish whether the application of a detailed protocol of investigations, 

consisting of the audio-vestibular investigations outlined above, would reveal distinctive 

patterns of abnormality that breed true within a sibship, together with a characteristic neuro- 

otological profile in the hearing heterozygotes. The identification of such pedigree-specific 

patterns may lead to the delineation of homogenous sub-types within ARNSHL on which to 

perform linkage analysis or mutation detection. This aim can be formulated into the following 

research questions:

Do distinct audiometric features emerge from the audiometric analysis o f the 

hom ozygotes that may form a reliable basis for phenotypic sub-classification o f  

ARNSHL?

Behavioural and objective diagnostic tests will be carried out in affected individuals who have 

sufficient residual hearing. A greater concordance in any of the audiometric parameters (i.e.: 

severity of the hearing impairment, symmetry, audiometric configuration, progression and age 

of onset) of sib-pairs from each pedigree relative to affected individuals from unrelated 

families will be considered a reliable basis for sub-classifying families.

The audiometric patterns in the affected will be compared with previously reported 

observations in Chinese (Liu & Xu, 1994) and Italian families (Martini et al., 1996) in whom 

ARNSHL has been identified, which may reveal at least some patterns that are either specific 

to the local population in England or differ significantly in their prevalence.
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W ould the evaluation o f vestibular function in the homozygotes differentiate apparently 

hom ogeneous audiological sub-types?

So far, the phenotypic profiles of ARNSHL homozygotes have been found to be largely 

undifferentiated audiologically. Evaluation of vestibular function in such families may reveal 

differences between affected individuals from unrelated pedigrees that would improve the 

phenotypic classification of the condition. The success of this strategy depends on whether the 

evaluation of vestibular function that is undertaken is comprehensive, the emerging deficits are 

sufficiently distinctive and acquired causes have been carefully excluded. In the first instance, 

any vestibular deficits that may be found in the homozygotes would only be attributed to 

genetic causes following careful exclusion of possible acquired events that may account for the 

abnormalities, at the pre-, peri- and post-natal stage. Concordance in balance/vestibular deficits 

of affected siblings will be evaluated and discussed in the context of its contribution to the 

resolution of genetic heterogeneity in pedigrees with ARNSHL.

Does a detailed evaluation o f auditory function o f the heterozygote carriers reveal 

subtle aberrations in som e asym ptom atic carriers?

In the hearing parents the clinical assessment and investigations are directed towards 

unravelling subtle changes in labyrinthine function, which may allow the identification of 

carrier status for a particular mutation, based on the assumption that since two alleles in the 

affected children frequently cause severe or profound hearing impairment, a single mutation in 

the heterozygous may cause subtle sub-clinical aberrations in labyrinthine function detected 

using high-resolution tests.

A comprehensive array of investigations as proposed in our investigative protocol was 

designed not to miss any distinctive neuro-otological aberration. This protocol would be 

applied with the view to establishing the frequency of auditory deficits in the carriers compared 

to appropriate controls. Furthermore, we hope to determine if distinctive audiological profiles, 

when present, breed true within the family. If such distinct audiometric characteristics do 

emerge in specific pedigrees, the extent to which they reflect the heterozygous state in a 

particular pedigree will be assessed by similarly studying extended family members who have 

a two thirds, half or a quarter chance of being carriers.
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W ould the application of a detailed protocol o f investigations differentiate X-linked or 

dom inant patterns o f inheritance within presumed ARNSHL?

In families in whom the two affected children are a brother-pair, the expected small proportion 

of X-linked pedigrees would be revealed by a family history of affected maternal uncles, 

cousins or grandfathers. Of the remaining families, about half will show the characteristic 

temporal bone abnormality (Phelps et al., 1991), and associated vestibular deficits (Reardon et 

al., 1993), although whether structural abnormalities of the ear also feature in some of the 

ARNSHL families will be established by carrying out routine CT scan of the hearing-impaired 

children and in selected parents, if the affected child shows specific anatomical abnormalities.

In previous studies, unusual audiometric configurations were identified as specific to 

autosomal dominant hearing loss (Liu et al., 1994; Martini et al., 1996, and section 1.12.1 

above). Provided these findings are replicated in the genetic population from which the 

families for this study were selected, it may also be possible to distinguish a minority of 

dominant pedigrees on the basis of the audiometric configuration.

W ould the application and concurrent appraisal o f proposed tests and investigations in 

the ARNSH L families selected for this study lead to the emergence o f a standardised 

audio-vestibular protocol for investigating hereditary non-syndrom ic hearing loss?

Standardising the protocols used for investigating hereditary hearing impairment would allow 

the evaluation of results obtained in different centres to be compared, and serve to increase the 

number of families evaluated. The latter aim may be achieved by establishing optimal 

parameters of the non-standard tests included in the protocol. The importance of this objective 

was recognised by Professor Martini, who co-ordinated the activities of the European 

Concerted Work Group on the Genetics of Hearing Impairment (acronym Hear) since 1995, 

and was adopted as one of the stated objectives of the group. The concerted effort has lead to 

the publication of interim recommendations of appropriate auditory and vestibular protocols, 

which would undoubtedly evolve and improve as our knowledge and clinical experience with 

genetic hearing impairment deepens.

In the absence of an audiological gold standard against which to validate our results, 

the findings will be interpreted and set against those of age appropriate controls. The final 

verification of the results depends on yielding the expected Mendelian ratios, once a sufficient
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number of families have been evaluated. The depth and detail of the protocol is necessarily 

time consuming, and limits the number of families that can be evaluated. Furthermore, in view 

of the large number of loci estimated to operate in ARNSHL, and the expectation of closer 

concordance in the profile obtained within parent sets (possible allelic heterogeneity) than 

between parent sets (possible allelic and locus heterogeneity), it is possible that no two families 

of those that will be evaluated will exhibit the same phenotypic pattern, that would allow such 

homogeneous grouping.
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The work presented in this thesis reflects a team effort. Professor Pembrey provided the 

overall inspiration, guidance, and genetic expertise. Professor Luxon (LML) and Drs. Bellman 

and Tungland overlooked the clinical audiological and vestibular aspects in adults and children 

respectively. For the duration of the project, the team assembled periodically, initially to 

discuss the investigation protocol and then the findings and future directions.

Miss Rebecca Coffey (RC), Dr Mary Francis (MF) and the author of this work Mazal 

Cohen (MC), carried out the day to day work on this project. The project administrator and 

research officer (RC) was involved in planning the practical aspects of the project and 

collecting information about suitable families, as detailed in section 2.1.2 below. The clinical 

research officer (MF) carried out the clinical history questionnaire and clinical examination of 

family members, and the Bekesy and audioscan tests on some of the subjects. She also 

collected blood samples from the family members, and arranged for additional clinical 

investigations that were deemed necessary, including CT scan of the petrous temporal bones, 

and investigations to exclude syndromes. The audiometric and vestibular investigations were 

carried out in the main by MC, who was also actively involved in selecting the tests included in 

the investigation protocol, and primarily responsible for determining suitable parameters to be 

used, and in recruiting, screening and testing the control subjects that were tested specifically 

for this project. Two other scientists assisted with the auditory and vestibular evaluation. Dr 

Deepak Prasher (DKP) carried out the OAE studies in most of the obligate carriers, and the 

unaffected children who were >16 years of age. Mrs Anita Davies (ADD) carried out the 

vestibular evaluation in some of the hearing-impaired children, and OAE and ABR 

measurements in some of the paediatric controls.

2.1. Ascertainment of ARNSHL pedigrees

Families with presumed ARNSHL were selected for this study. The families were typically 

small, and the parents in all but one family were unrelated (section 2.2 below). Ascertainment 

of the autosomal recessive pattern of inheritance of the hearing impairment in the families was 

attained by the following process:
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2.1.1. Selection criteria

As outlined in section 1.4, selecting families in whom at least two children are hearing- 

impaired considerably reduces the probability of acquired hearing loss by chance (Nance, 

1980). Consanguineous couples, by virtue of their common grandparents, have an increased 

chance of possessing the same recessive gene and their affected offspring is highly likely to 

have inherited two copies of the identical mutation i.e. not only the same gene but the same 

allele. Based on the above premise, families were included if they met one of the following 

criteria:

a) Normal hearing parents with two or more hearing-impaired children of either sex

b) Normal hearing consanguineous parents with at least one hearing impaired child of 

either sex.

Where both affected sibs were male, there is a possibility of X-linked inheritance. In such 

families the identification of phenotypic features known to be associated with X-linked hearing 

loss (as outlined in section 1.10.2.2.) would alert to the possibility of misdiagnosis of 

ARNSHL.

2.1.2. Recruitment of families

The procedure employed to recruit families for this study helped in the initial screen of 

pedigrees with apparent ARNSHL, and early awareness of confounding factors. Its focus on 

personal and continued contact with the research officer in the team (RC) also proved 

particularly successful in attaining and maintaining the co-operation of the families and their 

willingness to participate.

Initially eight audiology centres in the South East of England were asked to advise us 

of families in their service area who conformed to the selection criteria outlined above, and 

send any available details of cases, such as family history of the hearing impairment and 

relevant investigations (e.g.: audiograms of the proband and other family members, 

radiological investigations). Based on the collected information, families were excluded at this 

stage if there was indication of either congenital rubella, dominant or X-linked hearing loss, or
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the hearing impairment was associated with additional abnormalities that were recognised as a 

syndrome.

Suitable families were approached by RC one at a time, initially by letter to the general 

practitioner, to ensure that it was appropriate to contact the family at that time. A letter was 

then sent from the research officer to the family, explaining the purpose of the study and 

inviting the family to participate. If a family indicated its willingness to take part in the study, a 

home visit was arranged by telephone. This visit was the first personal contact with the family, 

and was used by RC to explain the study in detail, to obtain a detailed pedigree and history of 

hearing impairment in the family, and deal with any queries or anxieties that may have been 

raised by family members concerning the research project. At this stage, further clues 

suggesting either dominant or X-linked transmission were sometimes revealed. Suitable dates 

for testing were also arranged during this visit. Continuity was maintained by RC meeting each 

family on the day of testing, when their fares were also reimbursed.

The clinical history questionnaire, neuro-otological examination and audiometric 

evaluation of family members (outlined in sections 2.1.3 and 2.1.4 below) provided a further 

evaluation of the suitability of a particular pedigree to the study.

2.1.3. Clinical history related to hearing and balance and neuro-otological 

examination

The clinical history questionnaire and neuro-otological examination was carried out in affected 

and unaffected members of each family. Whilst the clinical protocol was uniformly applied to 

all family members, the focus of the information that was obtained was different in the 

hearing-impaired subjects and the hearing relatives. In the affected children, the information 

about events surrounding the birth and early development was obtained with relative detail and 

accuracy from their parents. This part of the protocol was particularly important in this group, 

as the information helped in teasing out as much as possible genetic from acquired factors that 

may have caused the hearing impairment, and reveal any associated developmental 

characteristics, such as delay in developmental milestones of vestibular origin which may have 

compensated over time. By contrast, the information that obligate carriers were able to provide 

about the events surrounding their own birth and early development was clearly limited in 

accuracy and detail. However, the clinical protocol helped to document in detail environmental
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factors or illnesses whose prevalence increase with age, that could confound the delineation of 

the aetiology of characteristic features or aberrations that may emerge from the audio- 

vestibular protocol of investigations outlined below.

Developmental milestones were judged as mildly delayed if sitting age was > 9 months 

and walking age was >15 months, and markedly delayed if sitting age was >10 months and 

walking age was >18 months. Mildly delayed walking age was only considered abnormal if it 

was associated with additional balance and/or vestibular deficits (detailed below). Clumsiness 

was evaluated on the basis of gross (cycling, gymnastics) and fine (writing) motor skills, as 

reported by the parents.

The standard neuro-otological examination comprised of examination of the ears 

(otoscopy, Rinne and Weber tests) and a clinical evaluation of the presence of strabismus and 

range of eye movement. The latter consisted of a search for spontaneous and gaze-evoked 

nystagmus, positional nystagmus (evaluated with the Hallpike manoeuvre) (Dix & Hallpike, 

1952), and evaluation of the oculo-motor system (smooth pursuit movements, saccades and 

optokinetic nystagmus to a small rotating drum). In addition, general balance was assessed by 

the Romberg test (a test of postural stability performed with the eyes closed) (Romberg,

1846), gait testing (walking across a room with eyes open and closed), and tandem walk (heel 

to toe with eyes open and closed). Increased sway on Romberg testing, veering to one side on 

gait testing, and inability to make at least 10 accurate tandem steps in three trials were 

considered abnormal (Davies & Savundra, 1998).
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Table 2.1. Clinical history questionnaire.

Hearing Loss: None/R/L Age of onset: Pre/post lingual
Progression
Tinnitus
Speech development

Balance
problems: Yes/No

Sitting/walking age
Clumsiness: gymnastics, cycling etc.

Vertigo: Yes/No Constant/episodic
Age of onset/duration of symptoms
Duration of attacks

Pre-natal
history:

Normal/
abnormal

Intrauterine infections (TORCH), other
Smoking
Medication
Gestation length

Peri-natal
history:

Normal/
abnormal

Type of delivery 
Birth weight 
Apgar score
Infections: meningitis/jaundice 
Apnoeic episodes 
Ototoxic drugs 
Time in SCBU 
Other

Post-natal
history:

Normal/
Abnormal

Developmental problems
Infectious disease: meningitis, mumps, ear infections, 
other
Neurological disease 
Migraine
Family history of migraine 
Cerebrovascular disease 
Cardiovascular disease 
Renal disease 
Endocrine problems 
Visual problems 
Ototoxic drugs 
Head injury
Noise exposure: industrial/gunfire/disco/other
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2.1.4. Audiometric criteria

In the affected children, the minimum hearing impairment was defined as an average hearing 

loss exceeding 35 dB across the frequencies 0.5, 1,2 and 4 kHz in the better hearing ear 

(BHE). Because of the high prevalence of acquired conductive pathologies in young children, 

and the difficulty, in such cases, of separating the hereditary factors from acquired causes, only 

cases with sensorineural hearing loss were included.

In the hearing relatives, abnormalities on pure-tone audiometry were not considered a 

reason for excluding a family, provided the individuals concerned did not complain of any 

hearing impairment, or had sought advice from a physician about it.

A clinical history protocol, neuro-otological examination and an audiometric evaluation 

were completed in 81 individuals from 17 families. Based on the collected information, five 

families were excluded at this stage:
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Figure 2.1. Family L.: Pedigree and audiograms.
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Family L. This family was excluded because a) the average hearing loss in the better hearing 

ear of the eldest daughter, and her brother (who was referred as clinically normal hearing) was 

better than the minimum audiometric criteria defined for this study (Figure 2.1), and b) the 

mother did not wish to participate in this study. It was envisaged that in this family, it would be 

difficult to distinguish between an unusually mild recessive hearing loss and dominant hearing 

loss with variable expression.

Family W. The average hearing loss of both affected children was better than the minimum 

audiometric criteria outlined above (Figure 2.2). In addition, a letter from the referring 

audiological physician reported that a maternal aunt and her daughter had an almost identical 

hearing loss to the affected children (audiograms were not enclosed), suggesting dominant 

transmission as a likely cause.
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Figure 2.2. Family W.: Pedigree and audiograms.
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Family B. This family was initially referred as an ARNSHL family, with three affected 

siblings (Hi, II4  and II5 , Figure 2.3) and hearing parents. The father (Ii) did not have a hearing 

test, but was reported to be deaf since W. W.n. The mother’s audiogram (I2) reveals a mild 

high-frequency hearing loss compatible with her age (not shown). The affected brothers (Hi 

and II5) had a late childhood onset of sensorineural, progressive hearing loss. The hearing loss 

in II4  was less severe than in her affected brothers, alerting to the possibility of X-linked 

deafness, although the hearing-impairment in the pedigree could also be consistent with 

ADNSHL. A CT scan revealed no abnormality.
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Figure 2.3. Family B.: Pedigree and audiograms.

Family C. The couple had profound pre-lingual hearing loss. They had four hearing-impaired 

children, who were not tested, and the mother had four affected siblings. Although ARNSHL
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was the most likely condition in this family, there was a possibility of assortive mating, and, in 

addition, there were no obligate or possible carriers on whom to carry out the audiometric and 

vestibular evaluation.

Family U. A large in-bred consanguineous family from Pakistan (Figure 2.4), who is currently 

under study at the Institute of Child Health Department of Molecular Genetics. Although many 

of the family members had undergone auditory and vestibular evaluation, the results will not 

be presented here, because the delineation of a possible associated phenotype was masked by 

middle-ear pathology and conductive hearing loss in all the affected children and several of the 

obligate carriers in the family.

Figure 2.4. Pedigree of family U, a large inbred family, in whom the deafness is segregating in more 

than one branch.

The remaining 12 families are shown in Figure 2.5, numbered from 1 to 12 in alphabetical 

order of their family name.
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Figure 2.5. The 12 pedigrees that formed the experimental groups numbered from 1 to 12 in 
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2.1.5. General clinical history and physical examination

The general clinical history and physical examination were carried out in the remaining 61 

individuals from 12 families by the clinical research officer. They were aimed at identifying 

signs and symptoms that may be associated with the hearing loss and excluding syndromes 

(see also section 1.10.1). All the family members were examined, so as to evaluate whether 

any identified features breed true within a pedigree. The physical examination focused on 

features, which may be taken to indicate a syndrome when they form part of a cluster of 

additional signs and features that are known to be associated with common hereditary hearing 

loss syndromes:

• External ear pits or tags, which may indicate Treacher Collins or Branchio-oto-renal (BOR) 

syndrome.

• Dystopia canthorum (Waardenburg syndrome).

• Pigmentary changes of the eyes and skin (i.e.: retinitis pigmentosa, heterochromia irides, 

white forelock), which would suggest the possibility of either Usher syndrome or 

Waardenburg syndrome. Cafe au lait spots may indicate neurofibromatosis.

• Goitre, which may indicate Pendred syndrome.

The physical examination findings in the remaining 61 individuals are summarised in Table 

2.2. Although all the families were referred as non-syndromic, in only two families (families 7 

and 10) the hearing impairment was entirely free from associated signs and symptoms. In two 

families, additional clinical signs were found to segregate in the family independently of the 

hearing impairment, and thus do not interfere with the definition of ARNSHL. In family 6, the 

two sons (one affected and one unaffected) had learning difficulties, and in family 8, the two 

unaffected boys had congenital nystagmus. However, in two additional families, the features 

that were identified, and their pattern of segregation within each family were suggestive of 

known syndromic conditions. In family 4, congenital myopia and clumsiness were identified in 

both affected girls. The association of hearing impairment with these symptoms indicated the 

possibility of Usher syndrome, and goitre in one of the affected girls also raised the possibility 

of Pendred syndrome.

95



Chapter 2: Ascertainment o f families

Table 2.2. Summary o f physicalfindings (normalfont) and additional clinical signs unrelated to hearing 

and balance (italic font).

Key: M = male. F = female. A = affected. UA = unaffected.

Family Age/Sex State Physical and behavioural signs

1 11M A Cupped ears
1M A Cupped ears
10M UA None
36F UA None
39M UA None

2 10M A Myopic since age 3
4M A None
16M UA Slightly narrow palpebral fissures
13M UA None
35F UA Some facial asymmetry
37M UA None

3 6M A Behavioural problems
4F A None
29F UA Slightly delayed motor milestones
30M UA None

4 14F A Myopia since birth, mild L ptosis, eyelid pits (probably 
misplaced puncti), small visible goitre, clumsy

12F A Myopia since birth, pits under eyes (probably misplaced 
puncti), clumsy

6F UA None
IF UA None
34F UA None
38M UA None

5 15M A None
12F A Irregular heartbeat
18F UA None
49F UA None
55M UA Irregular heartbeat (also cousin and stepbrother)
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Table 2.2. Continued

Family Age/Sex State Physical and behavioural signs

6 20M A Slight facial asymmetry, moderate learning difficulties.
4F A None
23 M UA Milestone delay, stiff gait, turned-out feet, unable to write, 

severe learning difficulties
43F UA None
45M UA None

7 7M A None
4M A None
36F UA None
37M UA None

8 8F A Head circumference < 2nd percentile, 18 months walking 
age

7F UA None
5M UA Congenital nystagmus
4M UA Congenital nystagmus
26F UA None
34M UA Diabetes 13 years

9 12F A None
7F A None
18F UA Myopia
43F UA Myopia
52M UA None

10 21M A None
7M A None
13M UA None
45F UA None
47M UA None

11 17M A Some facial asymmetry
10M A Clumsy
14M UA None
38F UA None
38M UA None

12 11M A None
5M A Sitting age 9 months, walking age 15 months.
16F UA Extra digit on the L hand, stub on R and an extra 

toe
35F UA None
46M UA None

In family 5, Jervell and Lange-Nielson syndrome could explain the slightly prolonged QT 

interval in the affected daughter and irregular heartbeat identified in several family members.
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The family was seen by Dr Michael Baraitser at the ICH, who excluded the condition on the 

basis of a clinical evaluation and further laboratory investigations, including an exercise ECG, 

which was normal. The laboratory investigations that were carried out in these and the 

remaining families, with a view to resolving the delineation of syndromic conditions, are 

detailed in Table 2.3 below.

2.1.6. Laboratory investigations

Serology: as shown in Table 2.3, only two affected subjects had serology during the first 6 

months, with negative results. In addition to consanguinity (see section 2.2 below), the 

negative serology results of the proband in family 8 (Table 2.3) was taken as further support of 

hereditary hearing loss.

Ophthalmology: as shown in Table 2.3, seven of the affected had an ophthalmological 

examination, and the affected girls in family 4 also had an electroretinogram. No evidence of 

retinitis pigmentosa was found in the seven affected individuals who had undergone the 

examination.

Electrocardiogram (ECG): cardiac arrhythmia occurs in Jervell and Lange-Nielsen syndrome, 

in which hearing impairment is associated with a slightly prolonged QT interval. There was a 

strong family history of cardiac arrhythmia in family 5, which was reported to affect the 

paternal stepbrother and cousin, in addition to the immediate family members. Jervell and 

Lange-Nielsen syndrome was excluded in the family (see section 2.1.5 above). The 

investigation was also normal in the other 7 affected children in whom it was undertaken.

Chromosome analysis: as outlined in section 1.10.1, this analysis may be indicated in affected 

individuals with developmental delay, growth retardation, behavioural problems or multiple 

malformations. The chromosome 47XYY abnormality was considered as a possible cause of 

the behavioural problems found in the 6 year old boy from family 3, and this was confirmed by 

chromosomal analysis (Table 2.3). In the affected girl of family 8 with growth retardation, a 

chromosome analysis revealed no abnormality.
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Table 2.3. Results o f special laboratory investigations undertaken in the affected subjects.

Key: ECG = electrocardiogram. CT = computerised tomography. M = male. F = female. N = 

normal. RP = retinitis pigmentosa. ND = not done.

Family Age/

Sex

Serology Ophthalmology ECG Chromosome

analysis

Renal

function

CT

1 11M N N N

1M ND

2 10M N

4M N

3 6M NoRP N 47XYY N

4F NoRP N N

4 14F NoRP N N

12F NoRP N N

5 15M N N N

12F ?tQT N

6 20M negative N

4F N ND

7 7M N N

4M N N

8 8F negative 46, XX N

9 12F N

7F N

10 21M N

7M N

11 17M N

10M N

12 11M N N

5M N N

Renal function: this investigation is indicated when the Branchio-oto-renal (BOR) syndrome, 

which describes an association between hearing loss, renal anomalies and branchial fistula.
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Most individuals affected by the condition also have pre-auricular pits. The affected daughters 

of family 4, their mother and 6 year old unaffected sister had undergone the investigation, with 

negative results.

Computerised tomography (CT) scan o f the petrous hones: this radiological investigation was 

carried out in the affected individuals, with a view to establishing whether ear malformations 

are associated with ARNSHL, and excluding X-linked hearing loss associated with ear 

malformation in families in whom the affected siblings are a brother pair. According to the 

protocol of investigations, other family members would have a CT scan only if an abnormality 

was revealed in the affected children. No abnormality was revealed in any of the 21 affected 

individuals who have undergone this investigation, 10 of whom were brother pairs from 5 

families (see Table 2.3).

2.2. Experimental subjects

The experimental group, whose results are the focus of this work, consists of 61 individuals, 

from 12 pedigrees (Figure 2.5), in whom ARNSHL was ascertained as much as possible by 

the process described above. Of the 12 families that were included, 11 were English, and the 

parents were unrelated. Each of the 11 families had 2 hearing-impaired children (brother-pairs 

in 6 of the families). The parents of one additional pedigree (family 8, Figure 2.5) came to 

England from Pakistan and had a 1st class consanguineous marriage, and one hearing-impaired 

child. Based on their presumed genetic status, the subjects were divided into 3 sub-groups:

Homozygotic (affected) group: consisting of 23 (15 male and 8 female) hearing-impaired 

children, whose age ranged from 18 months to 21 years of age.

Heterozygotic (obligate carrier) group: consisting of 24 clinically normal hearing parents, 

whose age ranged from 26 to 55 years (mean 39.3 ± 7.4).

Unaffected siblings (possible carriers) group: consisting of 14 (8 male and 6 female) 

clinically normal hearing children, who have a 67% chance of being carriers. Their ages ranged 

from 18 months to 23 years.
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2.3. Control subjects

Consolidating distinct audiometric changes in the carriers necessarily includes investigations 

that are not part of a standard clinical test battery. An integral part of the appraisal of such tests 

in genetic studies must include the establishment of normal values in age-appropriate controls, 

and criteria for individual tests, that would differentiate effectively controls from carriers, and 

address the estimate that 1 in 8 (Morton, 1991) of the general population will be heterozygous 

for one or more of the many forms of hearing loss. Control data were obtained for Bekesy and 

audioscan sweep audiometry tests and otoacoustic emissions studies (see section 2.4 below), 

because these tests were carried out specifically for this study, and did not form part of the 

routine clinical test battery when the study was undertaken. When appropriate control data 

were unavailable for routine clinical tests, the results were judged based on clinical experience, 

as it was not within the scope of this project to obtain control data for all the tests in adults and 

children. In addition, normal limits were established for the ABR test in the Hospital for Sick 

Children using new equipment (paediatric control group D).

Selection criteria fo r  control subjects: 132 control subjects were tested for the project. All 

subjects had an otological examination consisting of Rinne, Weber, gait tests and examination 

of visually and vestibularly induced ocular movements. All subjects had normal otoscopy at the 

time of testing and none complained of hearing difficulties. The control subjects were screened 

based on a clinical history questionnaire, that included, in addition to hearing difficulties, 

family history of hearing impairment, ototoxicity, recurrent ear disease in childhood, noise 

exposure, tinnitus, dysmorphic features and head injury associated with loss of consciousness. 

Vestibular problems and/or migraine were recorded but were not part of the exclusion criteria.

The control subjects were divided into the following groups:

Adult control group: consisting of 30 (15 male and 15 female) naive (inexperienced as 

subjects for listening experiments), normal hearing listeners (mean age 37.9 ± 7.2, range 26 to 

54 years), who were mostly recruited from the University staff, and some relatives and friends. 

Twenty-four of these were sex and age matched (to within ± 1 year) to the obligate carriers.

All had PTA, impedance audiometry (tympanometry and ART measurements), sweep 

audiometry tests and OAE. The subjects were examined by MF. The audiometric tests were
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carried out by MC, except for OAE measurements, that were carried out in some subjects by 

DKP.

Paediatric control group A: consisted of 30 (16 males and 14 females) normal hearing 

subjects (mean age 12.4 ± 2.7, range 8 to 17 years), recruited from the out-patients department 

and friends and relatives of staff members. All were tested in the same soundproof conditions 

as the UASIBs. The results were used to evaluate the pure-tone audiograms and ARTs of the 

UASIBs. The children were examined by MF and tested by MC. There were no children 

under 8 in this group, because of the difficulties in arranging for young children to attend the 

Hospital for testing with a parent or guardian.

Paediatric control group B: were 24 (12 males and 12 females) normal hearing children 

(mean age 11.1 ± 2.2 and range 9 to 17 years). All but 2 were recruited from a local primary 

school, following Ethics Committee approval, and written agreement of the headmistress and 

the parents. The children were tested at the same site and under the same sound -proof 

conditions as the experimental group. Only children who were in the top 2 years of school 

(ages 9 -11  years) were given permission to be released to take part in the study and for 

sessions not exceeding 2 hours. Consequently, the number of children that could be evaluated, 

and the age range were limited. The parents were required to fill in a clinical history 

questionnaire similar to the one outlined in Table 2.1 above, based on which children who 

conformed to the selection criteria were brought to the Hospital for testing in groups of two or 

three. Two additional subjects were volunteers recruited from friends of staff members. Each 

child had undergone a standard neuro-otological examination (outlined in section 2.1.4), 

carried out by MF, and audiological investigations (PTA, impedance audiometry and sweep 

audiometry tests) carried out by ADD and MF. Subjects were excluded if they were found to 

have ear infections, or if they were unable to complete the tests during the time available, 

through lack of concentration. The results were used in the analysis of Bekesy and audioscan 

sweep audiometry tests in the unaffected siblings.

Paediatric control group C: were 36 (16 males and 20 females) normal hearing and 

otologically normal children and adolescents (mean age 9.5 ± 3.9, range 4 to 16 years), who 

were used as controls for OAE levels in the unaffected siblings who were <16 years of age.

All the subjects in this group were examined by LML and tested by MC. Eighteen of the

102



Chapter 2: Control subjects

subjects (7 males and 11 females, age range 9 to 16 years) were recruited from among 

families of colleagues and relatives of staff members, and were tested in the Hospital. The 

younger children in this group (n = 18, 9 boys and 9 girls, age range 4-8 years old) were 

recruited from a North London primary school, using the same process as described above for 

group B, and tested at the school (see appendices I and n). This enabled us to test a large 

number of children within a relatively short period of time (approximately 6 weeks), and the 

time table for testing each child could be adapted to his or her ability to sit quietly and 

concentrate. A quiet room within the school was allocated for testing, which was considered 

adequate for reliable OAE and ART measurements. The testing conditions were adequate for 

ensuring normal HTLs, but not for comparing them with those of the unaffected siblings, who 

were tested in a sound proof booth.

Paediatric control group D: were 12 (5 male and 7 female) normal hearing and otologically 

normal children (mean 9.75 ± .94, range 8 to 11 years), recruited from the same local primary 

school as the subjects in group B. All had PTA, impedance audiometry and ABR, carried out 

by ADD. The ABR test was carried out using the same equipment and conditions as the 

unaffected siblings who were <16 years of age.

2.4. The audio-vestibular protocol of investigations

Each family was evaluated over 2-3 days. The hearing-impaired children and young adults 

were usually evaluated first, and were accompanied by a parent who could provide the 

necessary details of the clinical history. The second day was dedicated to the evaluation and 

testing of the obligate and possible carriers. If necessary, a third appointment was made to 

complete investigations. Children and adolescents up to the age of 16 were evaluated at the 

Hospital for Sick Children, Great Ormond Street, whereas adults (>16 years) were evaluated 

at The National Hospital for Neurology and Neurosurgery, Queen Square. The audio- 

vestibular protocol of investigations was carried out in the affected and unaffected family 

members as shown in Table 2.4:
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Table 2.4. Audio-vestibular protocol of investigations for ARNSHL pedigrees.

AFFECTED UNAFFECTED

A. In all affected: A. In all unaffected:

Pure-tone audiometry Pure-tone audiometry

Tympanometry Tympanometry

Acoustic reflex thresholds Acoustic reflex thresholds

Electronystagmography Bekesy

Bithermal caloric test Audioscan

Auditory brainstem response

Otoacoustic emissions

B. When sufficient residual hearing B. When the results are abnormal in

remains: at least one affected child in the family:

Loudness discomfort levels Electronystagmography

Auditory brainstem responses Bithermal caloric test

2.4.1. Pure-tone audiometry

In this study, individual HTLs at specific frequencies would be compared to the HTLs derived 

from epidemiological studies, with the aim of revealing aberrations in the hearing thresholds 

that may be found in the carriers and/or characteristic audiometric configurations that may help 

to identify normal hearing carriers of deafness genes.

PTA was carried out at 0.25, 0.5, 1, 2, 4 and 8 kHz using a G S I16 diagnostic 

audiometer. Thresholds were obtained manually in steps of 5 dB, using the modified Hughson- 

Westlake procedure recommended by the British Society of Audiology (BSA, 1981).

The severity, audiometric configuration, symmetry, age of onset and progression of the 

hearing loss were characterised. All except symmetry were classified after Parving & Newton 

(1995). The parameters were classified as follows:
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Severity. There were 5 degrees of severity based on the average hearing loss at 0.5, 1,2 and 4 

kHz octave frequencies:

Mild: an average hearing loss of 21-40 dB

Moderate: an average hearing loss of 41-60 dB

Moderately-severe: an average hearing loss of 61-80 dB

Severe: an average hearing loss of 81-100 dB

Profound: an average hearing loss exceeding >100 dB.

Audiometric configuration. There were five audiometric configurations (Figure 2.6), based on 

the auditory thresholds at 6 standard octave frequencies as follows:

The low frequency rising (LFR) audiogram was identified by > 15 dB poorer 

thresholds at 0.25 and 0.5 kHz than at 1 and 2 kHz.

U-shaped (U) configuration was typified by > 15 dB poorer thresholds at the mid- 

frequencies (1 and 2 kHz) compared to the adjacent low and high frequencies.

Flat configuration was identified when the variations in hearing threshold levels across 

all 6-octave frequencies did not exceed 10 dB.

High-frequency sloping (HFS) configuration was characterised by at least 15 dB 

worse thresholds at 4 kHz than at 1 kHz.

‘Not precise’: an audiometric configuration which did not fit any of the above 

descriptions was labelled as ‘not precise’.

Symmetry. The audiometric thresholds of the two ears were judged as symmetrical if the 

difference at any octave frequency did not exceed 15 dB and/or the average hearing loss of the 

two ears at 0.5, 1,2 and 4 kHz did not exceed 10 dB. These criteria of asymmetry were 

selected to exceed the test re-test variability in thresholds accounted for by errors in the 

procedure of obtaining the PTA and consistency of listener response.

Age o f onset: was classified as either pre-or post-lingual.
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Figure 2.6. Examples of audiometric configurations. From: Parving & Newton (1995). Guidelines for 

description of inherited hearing loss. Journal of Audiological Medicine 4, ii-v.

Progression. The hearing loss was judged to be progressive if a deterioration in thresholds >

15 dB, in at least two frequencies, or > 10 dB HL for the average of four frequencies (e.g.: 

0.5-4 kHz) was found compared to previous audiograms (that were made available by the 

referring audiological physician.

2.4.2. Loudness discomfort levels (LDLs)

LDLs were obtained in each ear at four octave frequencies (0 .5 ,1 ,2  and 4 kHz) in the method 

recommended by the British Society of Audiology (BSA, 1987). The precise level was 

measured by increasing the intensity of the tone in 5 dB steps until the subject reported that the 

tone was ‘a little too loud’. 90% of normal hearing listeners, and those with mild to moderate 

sensorineural hearing loss of cochlear origin, have LDLs in the range of 90 to 105 dB HL
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(Hood & Poole, 1966). LDLs exceeding 105 dB were interpreted to indicate retrocochlear 

pathology.

2.4.3. B6k6sy sweep audiometry test

In this study, appropriate criteria for depth and peak frequency of dips on Bekesy will be 

established, that would provide the best differentiation of the controls from the carriers 

(assuming that carriers as a group do have an increased frequency of dips), and the value of 

Bekesy in the detection of presumed carriers of ARNSHL will be assessed.

Bekesy audiometry was carried out with a G S I10 diagnostic audiometer with a Bekesy 

attachment. A pulsed tonal stimulus (200/200 ms on/off) was used, which was presented to 

each ear through TDH 49 headphones, sweeping from 0.25 to 8 kHz at a speed of 1 minute 

per octave, and attenuation rate of 2.5 dB per second. Approximately 70 frequencies were 

tested at each octave. Bekesy dips exceeding a mean depth of 15 dB (of drop and recovery) 

were repeated in the frequency bandwidth of the dip. In order to avoid ear bias, the left ear was 

tested first in half the subjects, and the right ear in the other half.

2.4.4. Audioscan sweep audiometry test

As with the audioscan, the analysis of results obtained in this study is aimed at defining 

appropriate criteria for depth and peak frequency of dips on audioscan, that would provide the 

best differentiation of the controls from the carriers (assuming that carriers as a group do have 

an increased frequency of dips), and the value of the audioscan in the detection of carriers of 

ARNSHL will be assessed.

The test was carried out using the Essilor audioscan. The stimulus was a pulsed tone 

(2.5 pulses/s), presented initially 5 dB below the best audiometric threshold recorded on the 

audiogram. Traces between 0.25 and 8 kHz were obtained, with a resolution of 64 frequencies 

per octave, tested at a rate of 30 s per octave. Upon completion of the full sweep, the tone is 

automatically increased in 5 dB steps and at each level, sweeping takes place at those 

frequencies at which no response was previously obtained, until a response is obtained at all 

frequencies. Audioscan dips exceeding a mean drop and recovery of 12.5 dB were repeated in
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the frequency band of the dip. As with Bekesy, the left ear was tested first in half the subjects, 

and the right ear in the other half, in order to avoid ear effect.

2.4.5. Tympanometry

This test was used to evaluate middle ear function, together with the otoscopic examination, 

and air and bone conduction audiometry. A G SI33 oto-admittance meter was used. In adults, 

a normal range of -50 to 50 daPa was applied, whereas in children, the normal range was 

extended to -150 daPa (BSA, 1992).

2.4.6. Acoustic reflex thresholds

Ipsilateral and contralateral ARTs were obtained using a Grason-Stadler GSI 33 oto- 

admittance meter at 0.5, 1,2 and 4 kHz in 5 dB steps up to a maximum output of 110 dB HL 

at 0.5 and 1 kHz, 105 dB at 2 kHz and 100 dB at 4 kHz for ipsilateral stimuli, and up to 120 

dB HL at 0.5, 1 and 2 kHz and 115 dB at 4 kHz for contralateral stimuli. For sensorineural 

hearing loss up to 60 dB, ARTs exceeding 105 dB HL at two or more adjacent frequencies, 

and/or interaural difference > 10 dB at two or more adjacent frequencies were considered 

pathological. For sensorineural hearing losses between 60 and 85 dB HL, ARTs exceeding 

110 dB at more than two adjacent frequencies, and/or interaural difference > 10 dB at two or 

more adjacent frequencies were considered abnormal (Prasher & Cohen, 1993).

Abnormal ARTs were classified into patterns of abnormality after Cohen & Prasher 

(1988), modified from Jerger’s classification (Jerger et al., 1972; Jerger & Jerger, 1977), as 

shown in Figure 2.7. These patterns were used to localise the pathology to different sections of 

the reflex arc as follows:

Vertical: ART abnormal upon stimulation of one ear only. This is taken to indicate an 

ipsilateral pathology at either the level of the VIII nerve or ventral cochlear nucleus.

Unibox: ART abnormal upon contralateral stimulation of one ear only, indicative of a 

lesion medial to the ventral cochlear nucleus on the stimulated side.
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Figure 2.7. A schematic illustration of acoustic reflex patterns of abnormality. From: Cohen & 

Prasher (1988): The combined value of ART and ABR measurements in differential diagnosis of 

cochlear from retrocochlear pathology. Scandinavian Audiologyl7:153-162.

Key: Lt = left. Rt = right. Abn = abnormal. N = normal. C/L = contralateral. VL = ipsilateral.

Horizontal: ART abnormal upon contralateral stimulation of both ears with the 

ipsilateral responses normal, indicating an intrinsic brainstem lesion involving either 

the trapezoid body and/or the medial superior olives bilaterally.

Inverted X Combination of vertical and horizontal patterns, indicative of a combined 

V m  nerve and brainstem lesion.

Full House: Abnormal reflexes bilaterally upon both ipsilateral and contralateral 

stimulation, indicative of a large intrinsic brainstem lesion.

In this study, ART measurements will be used to assess suprathreshold auditory functions in 

presumed ARNSHL carriers, in whom the condition has been carefully ascertained, with a 

view to establishing whether the findings of Anderson & Wedenberg (1968) can be replicated 

using ART criteria which have been shown to be highly sensitive and specific in differentiating 

sensorineural hearing loss to the various section of the reflex arc (Cohen & Prasher, 1988; 

Cohen & Prasher, 1992).
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2.4.7. Auditory brainstem responses

In the obligate carriers and unaffected siblings, a normal response on ABR would confirm the 

absence of a sub-clinical retro-cochlear deficit.

The brainstem potentials were recorded using a Medelec Sensor system in adults and a 

Nicolet system in children (<16 years), using silver/silver chloride disc electrodes placed at 

the vertex and each mastoid. The mastoid electrode contralateral to the stimulated ear acted as 

a ground. Responses were recorded to both ipsilateral and contralateral stimulation. The 

impedance across electrodes was < 2 kOhms. A click stimulus of 100 microseconds (ps) 

electrical duration was delivered to each ear through TDH 39 headphones at an intensity of 90 

dB HL. The electrical activity was amplified, filtered (3 Hz - 3 kHz) and digitised every 15 ps. 

The final waveforms were derived from 1024 clicks.

In adults, the normal limits were derived from historical data of 40 normal-hearing 

subjects between the ages of 20 and 60 years. The responses were classified as abnormal if the 

absolute latency of any of the components, and/or the interpeak latency (IPL), exceeded the 

normal range by more than 2 standard deviations (SD). The normal ranges were as follows: 

Wave I: 1.3 - 1.9 milliseconds (ms); wave HI: 3.3 - 4.1 ms; wave V: 5.2 - 6.1 ms, and the 

following inter-peak latency (IPL) values: I-DI: 1.6 - 2.4 ms; HI - V: 1.4 - 2.2 ms and I - V: 3.6 

- 4.4 ms.

2.4.8. Otoacoustic emissions

TEOAE measurements to evaluate hair cell function were carried out using Otodynamics 

IL088/IL092 analyser, by delivering to each ear through an insert probe a non-linear click 

stimulus, adjusted to 80 dB SPL in the canal. The responses to a sweep of 256 clicks in a 3-20 

ms period following stimulation were averaged alternately into two buffers. The correlation 

coefficient between them was calculated by the system and displayed. The TEOAE were 

obtained from each ear at least twice, to check reproducibility.

In this study, criteria for EOAE abnormality will be derived from the distribution of 

EOAE results of children and adult control subjects. Based on the defined criteria, the 

prevalence of EOAE abnormalities will be compared in the carriers and appropriate control 

groups. An analysis of the frequency spectra of the EOAE response of individual carriers, in
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whom an EOAE abnormality was found, will be carried out. Specific patterns may emerge, 

that may prove to be useful in detecting ARNSHL carriers. In addition, if OAE abnormalities 

would be identified in specific ARNSHL pedigrees, the extended family members will be 

tested, with a view to establishing whether the CEOAE abnormality is segregating in the 

family in the expected Mendelian ratio (as illustrated in Figure 1.10).

TEOAE were analysed by the following measures:

Overall level (in dB SPL) and reproducibility o f  the response (in %). These measures were 

provided by the system, corrected for noise, for an average of 256 clicks.

Bandwidth o f  the OAE response. The number of frequency bands at which a response was 

observed was calculated from the display of frequency-dispersive OAE.

Level and reproducibility o f  the response at discrete frequency bands. There were 5 

frequency bands (1, 2, 3 ,4  and 5 kHz), each extending ± 500 Hz either side of the central 

frequency. An absent response at each frequency band was defined as either < 0 dB OAE level 

and/or < 50% reproducibility.

Distortion product emissions (DPOAE) were obtained in the adult control subjects and 

extended members of family 6 (see section 3.2.4.1 of the Results). This facility was not 

available during the early period of the project, when the families with presumed ARNSHL 

were being evaluated. Two primary tones (fl and f2) were presented to the ear at 60 and 54 

dB SPL respectively, at a fixed frequency ratio (fl/f2) of 1.22. DP-grams were obtained from 

each ear at 8 frequencies per octave, from 0 .25-6  kHz. A minimum of 48 sweeps were 

averaged at each point to obtain an minimum noise floor of 0 dB at 0.5 and 1 kHz and at least - 

10 dB thereafter. The range of DPOAE levels extending from the 5th to the 95th percentiles that 

was obtained in the adult control group using these parameters is displayed with any DP-gram 

shown.

2.4.9. Electronystagmography

Direct current electronystagmographic recordings of the horizontal eye movements were 

obtained by attaching silver-chloride electrodes to the centre of the forehead (ground) and 

lateral to the eyes. Adults were tested using a Siemens Mingograph DC recorder. The 

hardware (including a rotating chair, full visual field rotating curtain and laser generated target
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for gaze and smooth pursuit) and software were developed in house to required specifications. 

Children (<16 years of age) were tested using Nicolet Nystar hardware and software. The 

ENG consisted of the following tests:

Spontaneous and gaze-evoked nystagmus: were recorded using a laser target placed in 

the primary position and 30° lateral gaze, with and without fixation for a minimum of 

20 seconds (s) each. Up to 5 beats within each 20 s period, whose maximum slow 

component velocity did not exceeding 5 °/s were considered within normal limits.

Smooth pursuit movements (SP) : were elicited with a visual target displaced 15° either 

side of the primary position at a rate of 0.1, 0.2 and 0.4 Hz. Eye velocities that were > 

70% of target velocity, and asymmetries not exceeding 20% were considered within 

normal limits.

Optokinetic nystagmus (OKN): was elicited with a full visual field stripy curtain 

rotating alternately to right and left at a velocity of 40 °/s. Asymmetries not exceeding 

20% were considered normal.

Sinusoidal vestibulo-ocular reflex (VOR): was elicited while the subject was seated on 

a chair that rotated from side to side at 0.1, 0.2 and 0.4 Hz in total darkness. The gain 

(peak SCV divided by peak chair velocity) was measured in each direction. In 

children, the VOR was assessed by rotating the chair sinusoidally 60 and 90° either 

side of the mid-line, corresponding to 20 and 30 °/s peak velocity respectively. In 

adults only a gross assessment of VOR was possible, since the test was conducted 

manually.

Vestibulo-ocular reflex suppression (VORS): was carried out in the same manner as 

the VOR with a fixation light attached to the rotating chair. Asymmetries in the peak 

velocity of eye movements to left and right not exceeding 20 % and > 80 % 

suppression of the maximum velocity of VOR with a visual target were considered 

within normal limits.

In children younger than 5 years old, a limited battery of quantitative eye-movement tests, 

consisting primarily of sinusoidal rotation with the child seated on the mother’s knee, was 

carried out whenever possible.
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2.4.10. Bithermal caloric test

The bithermal caloric test was carried out in the method described by Fitzgerald & Hallpike 

(1942) in children and adults, at the two sites as for ENG. The subject lay supine on a couch 

with the head elevated by 30°, to bring the horizontal canal into the vertical plane, and asked to 

gaze at a fixation light situated at the ceiling in the primary position. Water was irrigated into 

each ear at 30° and 44° C for a period of 40 seconds. Following each irrigation, the duration of 

the induced nystagmus was determined by direct observation first with fixation and upon 

diminution of the response by removal of optic fixation to establish normal enhancement in the 

dark. An interval of at least 5 minutes was maintained between irrigations. The results were 

plotted and classified as shown in Figure 2.8 (after Hood & Korres, 1979) as follows:

Normal: the caloric responses were defined as normal if the duration of all four irrigations was 

in the range of 60-120 seconds with fixation, and 120-240 seconds without fixation (Figure 

2.8), and that, in addition, no asymmetry (difference > 8%) was found between the responses 

from the two horizontal canals, or between the directions of the evoked nystagmus.

Canal paresis (CP) : an abnormality typified by a > 8% asymmetry in the caloric responses 

from the two canals (Figure 2.8).

Directional preponderance (DP) : an abnormality typified by an asymmetry of > 8% of the two 

directions of nystagmus (Figure 2.8).

Combined pattern: a combination of canal paresis and directional preponderance. This type of 

abnormality is not quantified (Figure 2.8).

Bilateral hypo-junction: a pattern of abnormality typified by a short duration (< 60 seconds) of 

induced nystagmus in the light and dark following each irrigation (Figure 2.8).

Bilateral absence: a failure to induce nystagmus to normal caloric stimulation in either ear. 

This type of abnormality was judged to be the most severe, as it may imply complete loss of 

vestibular function.

Canal paresis (CP) and directional preponderance (DP) were calculated for the duration 

parameter using Jongkees’ formula (Jongkees et al., 1962). Based on historical data 

derived from the caloric test results o f 9 subjects (18 ears), normal limits o f 8% were 

defined both for CP and DP (Eagger et al., 1992). In the absence o f age-matched
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normative data in children, these normal values were also applied to caloric results of 

younger subjects.
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Figure 2.8. Patterns of caloric response. Modified from: Rudge, P. (1983). Clinical Neuro-otology. 

London, Churchill Livingstone, page 77.

2.4.11. Other investigations

In addition to the above investigations, bloods were taken from all the family members, for 

genetic linkage studies and cell line establishment.
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2.5. Statistical analysis

Statistical tests were aimed at comparing the prevalence and nature of auditory test 

abnormalities in the carriers and controls. The Statistical Package for Social Sciences (SPSS) 

software, version 7.0.1 for Windows was used in the analysis. The Kolmogorov-Smimov test 

of frequency distributions was used to determine whether each test’s results are parametric. 

The null hypothesis, that the prevalence of aberrations revealed by the application of the 

protocol of investigations is not significantly different in the carriers than in the controls, was 

tested using the independent t-test for normally distributed data, and the Mann-Whitney U test 

for non-parametric data. Probability levels under 0.05 were considered as statistically 

significant.

The genetic heterogeneity of ARNSHL affected the treatment of data, as carriers from 

unrelated families were not expected to all have the same phenotypic characteristics, although 

one would hope that in the obligate carriers within each pedigree, who share the same locus if 

not the same allele, a greater concordance in the phenotypic findings would be found.
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Chapter 3: Results
The results of each test or group of tests will be followed by a short summary and 

interpretation. The main discussion (chapter 4) will focus on the integration of phenotypic 

findings in the pedigrees, as outlined in the Introduction.

3.1. Auditory and vestibular findings in the affected

3.1.1. The pure-tone audiogram and additional audiometric tests

Pure-tone audiograms were obtained in all but an 18 month old affected child, with a moderate 

hearing loss in the better hearing ear on free-field audiometry, who was excluded from the 

analysis of individual parameters. The audiograms of the remaining 22 affected were classified 

in terms of severity, configuration, symmetry, age of onset of the hearing loss, progression and 

type. The selection criteria for the families (outlined in section 2.1.1) introduced a bias to our 

findings with respect to the severity and type of hearing impairment, and to a lesser extent the 

age of onset, but did not affect the audiometric configurations, ear asymmetry or progression.

Table 3.1. The severity o f  hearing impairment in 44 ears o f 22 affected individuals, based on the average 

hearing loss at octave frequencies in the 0.5-4 kHz range.

Severity (dB) Num ber O f Ears Percentage (%)

Mild (21-40) 1 2.3

M oderate (41-60) 6 13.6

M oderately severe (61-80) 11 25.0

Severe (81-100) 11 25.0

Profound (>100) 15 34.1

Severity: the severity of the hearing loss was classified in the 44 ears of the 22 affected 

subjects as shown in Table 3.1. Profound hearing impairment was the most prevalent, found in
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34.1% of ears. The majority (81.2%) of the affected had an average hearing loss >61 dB in 

the better hearing ear.

Table 3.2. Audiometric configurations in 44 ears o f 22 affected subjects.

Configuration Number 

of ears

Percentage

(% )

Sloping 23 52.3

Not precise 11 25.0

U-shaped 10 22.7

a U-shaped ( n = 10 ) b sloping ( n = 23 ) c. "not precise" ( n = 11 )

500 1000 2000 4000 8000
Frequency (Hz)

- 2 0  
-  10

100
110

120
125 250 500 1000 2 ® 0  4 ® 0  8 ® 0

Frequency (Hz)

Figure 3.1. The mean, minimum and maximum hearing threshold levels in all ears sharing the same 

category of audiometric configuration.

Audiometric configuration: the audiometric configurations of the 44 audiograms were 

classified after Parving & Newton (1995) as shown in Table 3.2. There were three audiometric 

configurations, of which the high-frequency sloping (HFS) audiogram was the most prevalent 

and found in 23 (52.3 %) of ears. In 25 % of ears, the audiometric configuration was classified 

as ‘not precise’.

125 250 500 1000 2000 4000 8000
Frequency (Hz)
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The mean, minimum and maximum hearing levels of all ears sharing the same 

audiometric pattern is shown in Figure 3.1. The mean values at the six standard octave 

frequencies reflect accurately the typical shape of each configuration. In particular, a uniform 

shape has emerged in all 11 ears with the ‘not precise’ configuration, typified by gradually 

decreasing thresholds from 0.25 to 1 kHz, remaining flat at 1-4 kHz, and a further drop at 8 

kHz.

The relationship between the severity of hearing impairment and audiometric 

configurations is shown in Figure 3.2. Profound hearing impairment was always associated 

with a sloping configuration, although this configuration was not exclusively found in 

profoundly hearing impaired subjects. The U-shaped and ‘not precise’ configurations were not 

found to be associated with specific degrees of severity.
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Figure 3.2. The association between audiometric configurations and categories of severity in ears of 

22 affected subjects (n=44).

Ear symmetry: the hearing loss was symmetrical (< 20 dB at a single frequency or < 10 

average hearing loss) in the majority of the affected (81.8%). Ear asymmetry was not found in 

affected individuals with profound hearing loss and/or those with an HFS configuration.
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Progression: three affected boys had progressive hearing loss, two of whom were a brother 

pair, in whom progressive hearing loss was found in one ear only (family 7). The third (family 

2) had progressive hearing loss in both ears. It was not possible to determine whether the 

hearing loss was also progressive in his younger brother (a 4-year-old), because of his age.

Age o f  onset: the onset of the hearing loss was pre-lingual in all but one affected child (family 

2), in whom there was childhood onset (age 5 years), with progression.

Type o f hearing impairment: the application of the selection criteria meant that the hearing 

impairment was sensorineural in all cases. The differentiation of sensory from neural hearing 

loss was based on the results of ART, LDL and ABR measurements. ART measurements 

were carried out routinely in all the affected, however, in only 10 of the affected there was 

sufficient residual hearing to allow delineation of the site of the pathology on the basis of these 

tests. The affected children and test results are listed in Table 3.3.

Table 3.3. ART, ABR and LDL results in 10 affected children who had sufficient residual hearing to allow 

delineation o f  the type o f  hearing impairment.

Key: M = male. F = female. - = Not done. L = left ear. ? = Type unknown.

Family Age/

sex

ART pattern LDLs ABR Type

1 11M normal normal normal cochlear

1.5M normal - - cochlear

2 4M 1 diagonal - - efferent

10M full house - normal ?

4 12F normal - normal cochlear

14F normal normal - cochlear

7 4M full house - - retro-cochlear

10 7M 1 vertical - normal ?

12 5M 1 unibox - normal ?

11M normal normal normal cochlear

Due to time and age limitations, it was not possible to carry out the complete test battery in all. 

As shown, the test results were consistent with cochlear pathology in five of the affected, and
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in an additional child (4 year old boy from family 2), the ART pattern of abnormality indicated 

a disruption to the efferent section of the acoustic reflex arc, but not a retro-cochlear pathology. 

The test results in three additional children were conflicting (n = 3). One child had an ART 

abnormality indicating retrocochlear pathology, however, in this case, no additional tests were 

carried out.

Concordance in the audiometric findings o f  sib-pairs: the affected siblings in each pedigree 

are assumed to be genetically the same at the particular locus causing the hearing impairment, 

and this may lead to the expectation of greater concordance in their audiometric findings, than 

in affected individuals from unrelated families. The degree of concordance in the audiometric 

results of sib-pairs from 10 pedigrees is presented in Table 3.4. Two other families were not 

included, either because one child was too young to have the tests (family 1), or because there 

was only one affected child (family 8). For the purpose of this analysis the severity of the 

hearing impairment was not based on differences in the pre-defined categories, but classified 

as concordant if the average hearing loss in four ears of each sib-pair was within 20 dB across 

the octave frequencies 0.5-4 kHz. Uniformity in configuration was judged to be present if the 

configurations in both ears of each sib-pair were the same, and symmetry if both affected in 

each pedigree had either symmetrical or asymmetrical hearing.

Of the various audiometric parameters that were studied, only the audiometric 

configuration was found to be discordant in more than half of the sib-pairs.

The most common phenotypic profile in ARNSHL (Gorlin, 1995a), characterised by 

pre-lingual onset of bilateral symmetrical severe or profound hearing loss, with no progression, 

was found in three of 10 sib-pairs (pedigrees 3, 5 and 6). All six affected children had an HFS 

configuration. An additional sib-pair (family 11) presented with the same profile, except for a 

different classification of the audiometric configuration in one ear only of one of the affected 

siblings (Table 3.4), caused by a 5 dB difference in threshold at 4 kHz. This phenotypic sub- 

type was also found in just one of each sib-pair of two additional families (families 9, 10), and 

in the only hearing-impaired child of family 8.
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Table 3.4. Concordance in the audiometric findings of sib-pairs.

Key: Fam = family. Config = Configuration. L = left. R = right. Con = concordance. M = 

male. F = female. Y = yes. N = no. U = U configuration. HFS = high frequency sloping. NP = 

not precise. Pre = pre-lingual. Post = post-lingual. UK = unknown.

Fam Age/ Severity Config Symmetry Onset Progression

sex L R Con L R Con (dB) Con Con L R Con

2 4M 66 69 N U U Y 3 Y Pre N uk uk uk

10M 38 41 U U 3 Post Prog. Prog.

3 4F 90 94 Y HFS HFS Y 4 Y Pre Y Stable Stable Y

6M 98 94 HFS HFS 4 Pre Stable Stable

4 12F 54 49 N HFS HFS N 5 Y Pre Y Stable Stable Y

14F 68 73 NP NP 5 Pre Stable Stable

5 12F 114 113 Y HFS HFS Y 1 Y Pre Y Stable Stable Y

15M 111 110 HFS HFS 1 Pre Stable Stable

6 4F 110 100 Y HFS HFS Y 10 Y Pre Y Stable Stable Y

20M 106 108 HFS HFS 2 Pre Stable Stable

7 4M 81 70 N U U N 11 Y Pre Y Prog. Stable Y

7M 93 78 U NP 15 Pre Prog. Stable

9 7F 83 94 Y U U N 11 N Pre Y Stable Stable Y

12F 103 101 HFS HFS 2 Pre Stable Stable

10 7M 61 50 N NP NP N 11 N Pre Y Stable Stable Y

21M 114 113 HFS HFS 1 Pre Stable Stable

11 10M 95 103 Y NP HFS N 8 Y Pre Y Stable Stable Y

17M 96 103 HFS HFS 8 Pre Stable Stable

12 5M 64 61 Y NP U N 3 Y Pre Y Stable Stable Y

11M 63 64 NP NP 3 Pre Stable Stable

Con 6/

10

4/

10

8/

10

9/

10

9/

10

3.1.2. Balance and vestibular abnormalities

Clinical history and examination: was carried out in all 23 hearing-impaired subjects. A sib- 

pair (family 5) had episodic vertigo. In the 12-year-old girl, the vertigo was associated with 

headaches and attributed to migraine. Her 15 year old brother had momentary vertigo on
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standing up, that was probably cardiovascular in origin (a history of cardiovascular problems 

were also present in the father and the affected sister).

Table 3.5. Hearing-impaired children -with balance deficits.

Key: M = male. F = female.

Family Age/

sex

Clinical history 

Sitting age walking age 

(months) (months)

Clinical Examination 

Clumsiness Gait Heel/toe

1 11M normal normal clumsy abnormal abnormal

4 12F normal normal clumsy normal normal

14F normal normal clumsy normal normal

7 4M normal normal clumsy abnormal abnormal

8 8F 9 18 normal normal normal

11 10M normal normal clumsy abnormal abnormal

12 5M 9 15 normal normal normal

7/23 (30%) affected children and young adults (Table 3.5) had balance problems: two had a 

history of delayed sitting and/or walking age, four were reported to be clumsy, and an 

additional child was reported to have both delayed motor milestones and clumsiness. The mild 

motor milestone delay identified in the 5 year old boy from family 12 may not be significant 

since it was not associated with additional balance and/or vestibular signs and symptoms, 

however, he was not excluded from the analysis because vestibular abnormalities were 

identified in his hearing-impaired brother. On examination, three of the children who were 

reported to be clumsy also veered to one side when walking across the room with the eyes 

closed (gait abnormality), and failed the heel/toe test with eyes closed. As shown in Table 3.5, 

the deficits were concordant in both affected girls of one family (family 4).

ENG: was carried out in 20/23 affected. All except one, a 17 year old male, were normal, and 

the abnormality in this case, a bilateral 1° gaze evoked nystagmus without fixation, was
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attributed to acquired factors: a history of migraine and a head injury associated with loss of 

consciousness.

Bithermal caloric test: 7/23 affected did not have the test, either due to very young age or 

equipment failure. The caloric abnormalities found in 9 of the 16 affected who had undergone 

the test are listed in Table 3.6, together with any identified acquired factors that may have 

caused or contributed to them. In 7/9 the caloric abnormality was unilateral. The caloric test 

abnormality found in the 15-year-old boy (from family 5) could be caused by acquired factors 

(listed in Table 3.6 legend), and he was therefore excluded from further analysis. In the 

remaining 8 affected, the abnormalities were attributed to genetic causes. The caloric 

abnormalities were mild, except in three of the affected: a 12-year-old girl from family 4, who 

had a 37.5 % canal paresis, a 20-year-old male (family 6) with bilateral hypo-function, and a 7- 

year-old boy (family 10) who had absent caloric responses. There were two families (families 

4 and 10) in whom both affected siblings had caloric deficits.

Association between balance and caloric findings: excluding the 15-year-old boy from family 

5, 15 of the hearing-impaired subjects had both a balance evaluation and a caloric test. 

Agreement between the two findings was found in 9 subjects: five had normal results on both 

and four had abnormal results on both. In the remaining six, either the evaluation of balance 

was abnormal but the caloric test was normal (n = 2) or the converse. A chi-square test did not 

support an association between the two findings (x2 = 0.4).

Caloric abnormalities were found in both affected siblings from two families (4 and 10 

- Table 3.6). In the affected girls from family 4, the abnormalities were associated with balance 

deficits, but in the affected boys from family 10, no balance abnormalities were found (Table 

3.5).

Relationship o f  balance/vestibular findings to the severity o f  the hearing loss: based on the 

average hearing thresholds at 0.5-4 kHz in the better hearing ear, 6/23 affected individuals 

were classified as having profound hearing impairment, six were classified as severe, six were 

classified as moderately-severe, four were classified as moderate and one as mild.
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Table 3.6. Affected children in whom caloric abnormalities were found

Key: M = male. F = female. L = left. R = right. CP = canal paresis. DP = directional 

preponderance. Bil = Bilateral. * = In this case, associated signs and symptoms (migraine and 

momentary vertigo on standing up) indicated that acquired factors might account for the 

caloric abnormality.

Family Age/

sex

Caloric test 

Light (%)

Caloric test 

D ark (%)

Caloric

abnormality

1 11M LCP (complete) Normal Unilateral

hyporeflexia

4 12F Bil < 60 s 

probably normal

LCP (37.5%) Unilateral

hyporeflexia

14F RDP (10%) Normal Unilateral

hyporeflexia

5* 15M RCP (38%) RCP (38%) Unilateral

hyporeflexia

6 20M < 60 s No enhancement Bilateral

hyporeflexia

8 8F RCP (10.4%) Normal Unilateral

hyporeflexia

10 7M Bil absent Bil absent Bilateral

hyporeflexia

21M Normal Combined pattern Unilateral

hyporeflexia

12 11M LCP (9.5%) Normal Unilateral

hyporeflexia
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Figure 3.3. The relation of balance and caloric deficits to the severity of hearing impairment.

The distribution of balance and caloric abnormalities in the affected is shown in Figure 

3.3 in each category of severity of the hearing impairment in the better hearing ear. There 

was no increase in the number of subjects with balance/vestibular deficits in subjects with 

severe or profound hearing loss.

The value o f balance/vestibular findings in sub-classifying pedigrees with a uniform 

auditory phenotype: as outlined earlier, a uniform audiometric profile was identified in 

the affected subjects from 5 families (3, 5, 6, 8 and 11). In all, the residual hearing was 

not sufficient to allow sub-classification of the auditory phenotype through the 

application of diagnostic auditory tests. The balance and vestibular evaluation in these 

subjects was not uniform. In 2 of the families (3 and 6), no balance abnormalities were 

identified, although in each family a caloric test was not carried out in one affected child. 

In the remaining 3 families, balance and/or vestibular deficits were identified.

m ild moderate mod-severe severe profound

B  Total num ber of affected Caloric abnorm alities

! | Developmental motor deficits □  Caloric test not done
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3.1.4. Summary and interpretation of auditory and balance/vestibular findings in 

the affected

Auditory findings

81% of 22 affected subjects with apparent ARNSHL had an average hearing loss > 61 dB, 

82% had symmetrical hearing loss, 86% had non-progressive hearing loss and the onset of the 

hearing impairment was pre-lingual in 95% of our subjects. These findings are consistent with 

previous reports in ARNSHL (Chaurasia & Geddes, 1991; Marazita et al., 1993; Liu et al., 

1994; Martini et al., 1996).

Three audiometric configurations were encountered in our group. The HFS 

configuration was the most prevalent (52% of ears). It was nearly always bilateral and present 

in all ears with profound hearing loss. The U configuration was identified in 10 of 44 ears 

(23%). This is the first time that this configuration has been encountered in genetic hearing 

loss other than ADNSHL (Liu et al., 1994; Liu & Xu, 1994; Martini et al., 1996). Moreover, 

none of the ARNSHL forms listed by Gorlin (1995a) features a U configuration. In addition, in 

the above studies the U configuration has been found to be relatively rare, constituting only 

around 1% of ADNSHL, whereas in our study, despite being the least prevalent, the U 

configuration was found in nearly a quarter of ears, using the same definition. These 

differences may reflect the genetic make-up of the local population.

Two audiometric configurations were not encountered in our group of ARNSHL: the 

flat and the LFR audiograms. The flat configuration was previously reported to be present in a 

significant proportion of both ARNSHL and ADNSHL hearing impaired individuals from 

China and Italy (Liu & Xu, 1994; Martini et al., 1996). The LFR configuration was previously 

found exclusively in ADNSHL, albeit in a small proportion (2%) of audiometric configurations 

in that group (Liu & Xu, 1994), and its absence in our group provides further evidence that the 

LFR configuration may be specific to ADNSHL.

A retrocochlear type of hearing loss is rare in ARNSHL and to date was reported in 

only two pairs of sibs, in whom ABRs were grossly abnormal (Blegvad & Hvidegaad, 1983). 

The ABR test was carried out in 6/8 individuals of this study, who had sufficient residual 

hearing to enable the differentiation between cochlear and retro-cochlear hearing loss to be
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made, with normal results. However, five children had abnormal ARTs. This high incidence of 

pathologically elevated ARTs is unusual, particularly in view of the fact that normal ABRs 

were obtained in three of the children. The relatively high incidence of pathologically elevated 

ARTs found in this group may be accounted for by the fact that the ART upper limit criteria 

was derived from the study of patients with a recent onset of unilateral hearing loss (Cohen & 

Prasher, 1988, among others) and may not be appropriate in our subjects with pre-lingual, 

long-standing, bilateral hearing loss.

Auditory attributes may provide a basis for classifying families, provided there is 

greater concordance between affected siblings from the same family, than affected individuals 

from unrelated families. In addition, the concordance between affected siblings should be 

greater than any variation between the two ears of each affected subject from the same 

pedigree. Of the various audiometric measures that were studied, severity, age of onset, 

symmetry of the hearing loss and progression fulfilled these conditions in more than half of 

sib-pairs, whereas the audiometric configuration emerged as the least consistent measure. The 

lack of concordance in the audiometric configurations may reflect, at least in part, limitations 

of the classification of audiometric configurations (Parving & Newton, 1995), particularly the 

‘not precise’ configuration, which, in many of the ears that it was identified, proved too similar 

to other configurations. A broader classification of configurations, such as suggested by 

Mazzoli et al., (1998) may be physiologically and functionally more relevant, however, the 

clinical utility of these recent definitions in genetic hearing impairment has not been established 

as yet.

From the detailed audiometric profiles of sib-pairs, and considering the limitations of 

classifying the audiometric configurations of the hearing impaired children, it emerges that 

pairs of sibs from four families (3, 5, 6 and 11) had a uniform profile. This profile was typified 

by a congenital onset of bilateral symmetrical, severe or profound sensorineural hearing loss, 

with an HFS configuration and no progression. The same profile was also identified in the only 

affected child from family 8.

Balance/vestibular findings

Balance and/or vestibular deficits, attributed to genetic causes, were identified in 11 (48%) of 

the 23 children and young adults with ARNSHL: 7 (30%) had developmental motor delay
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and/or clumsiness, and 8 of 16 affected (50 %) who had undergone caloric testing, had 

vestibular deficits. These proportions are consistent with previous findings (Moller, 1996; 

Sandberg & Terkilden, 1965). The caloric abnormalities in 3/8 affected subjects were marked, 

and in the remaining 5, mild abnormalities were identified. Interestingly, no vestibular deficits 

were revealed on ENG, and the main contribution of the test to the evaluation of vestibular 

function was in excluding central involvement.

Previous studies in congenitally deaf children have demonstrated a strong association 

between developmental motor delay and clumsiness and absent caloric responses (Moller & 

Odkvist, 1989). In particular, it was reported that none of the subjects with absent caloric 

responses could walk before the age of 18 months. From these findings it may be inferred that 

the balance abnormalities observed in congenitally hearing-impaired children are vestibular in 

origin. This association was not replicated in our study: only one of the three affected children 

in whom marked caloric abnormalities were found also had balance deficits, and none had 

developmental milestone delay. The differences between previous observations and our 

findings may be due to differences in the aetiology of the hearing impairment of the respective 

groups, and that in the absence of any central vestibular dysfunction on ENG in this study, 

vestibular deficits found on caloric testing were all peripheral labyrinthine, and some of the 

affected may have compensated fully for the deficits.

The fact that approximately a third of ARNSHL subjects have caloric deficits is 

consistent with the previous reports in Pendred syndrome (Luxon, 1996), or congenitally deaf 

children, whose hearing loss was probably hereditary (Diepeveen & Jensen, 1968). 

Interestingly, in both the above studies, ear malformations have been found in some of the 

hearing impaired, but the radiological abnormalities were not correlated with either the 

presence or severity of the vestibular deficits.

The subjective nature of the caloric test, and the fact that the abnormalities that were 

found were mostly mild, imply that in future studies, the sensitivity of the vestibular evaluation 

could be improved by using additional objective tests of vestibular function, particularly 

constant velocity rotational tests.
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The association between hearing and balance/vestibular findings in the affected

It could be argued that severe or profound hearing impairment, found in the majority of the 

affected children, is likely to involve the vestibular apparatus within the labyrinth as well, 

because of the similarity in the cochlear and vestibular neuroepithelia (Steel, 1995). A close 

correlation between the degree of the hearing impairment and vestibular function was indeed 

demonstrated by Sandberg & Terkilden (1965), although the association was observed 

predominantly in children whose hearing impairment was acquired, and the caloric response 

was judged per ear and not per subject. In this study, there was no increase in the incidence of 

vestibular hypo-fimction among those children who had severe or profound hearing 

impairment. Moreover, clumsiness and developmental motor delay featured predominantly in 

children with moderate or moderately severe hearing loss.

The affected children from five of the families (3, 5, 6, 8 and 11) had the most 

common type of ARNSHL (i.e.: congenital, severe to profound non-progressive sensorineural 

hearing loss). On the basis of the balance and vestibular evaluation, they could be 

differentiated into two sub-types: those with entirely normal function (families 3 and 5), and 

those in whom the hearing loss is associated with balance/vestibular deficits (families 6, 8 and 

11). A sub-type of this form of ARNSHL, associated with balance/vestibular abnormalities has 

been reported previously (Huygen et al., 1993; Gorlin, 1995a).

Sib-pairs in each family are assumed to be genetically the same, however, discordance 

in the balance/vestibular findings was observed in some sib-pairs (e.g.: families 10, 11). In 

family 10, the affected boys had diverse caloric abnormalities, and auditory findings, which 

were also disparate, but converse in severity: the younger brother had moderate hearing loss, 

classified as asymmetrical, and the older boy had profound symmetrical hearing loss. This 

variability, particularly if it is associated with variable audiometric profiles in sib-pairs (as was 

found in the sib-pair from family 10), suggests that some genetic sub-types are not associated 

with a distinct phenotypic profile and may be the result of other gene loci interacting with the 

gene causing the hearing impairment.

In the sib-pair from family 4, both balance and vestibular findings were concordant: 

both affected girls were clumsy and both had caloric abnormalities. Combined with a uniform 

audiometric phenotype, the emerging phenotypic profile may represent a distinct sub-type.
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3.2. Auditory and vestibular aberrations in the obligate and possible 

carriers

3.2.1. Pure-tone audiometry

The mean thresholds at octave frequencies of 22 obligate carriers and 30 adult controls are 

shown in Table 3.7 for each ear. Two hearing impaired obligate carriers were excluded from 

the analysis: one, because a history of occupational noise exposure and bilateral dips at 4 kHz 

were judged to be consistent with an acquired hearing loss induced by noise. The other, whose 

hearing impairment was presumed to be genetic in origin, was excluded because the 

magnitude of the impairment was significantly worse than that of the other carriers, such that, 

if included in the analysis, it might have masked sub-clinical trends in the group as a whole.

Table 3.7. Comparison o f  group means o f  pure tone thresholds o f  the obligate carriers and age 

appropriate controls at each test frequency.

Key: SD = standard deviation. * = Significant difference (P < 0.05).

Frequency

(kHz)

Ear Adult controls 

(n = 30) 

M eans (dB) ±SD

Obligate carriers 

(n = 22) 

M eans (dB) ±SD

P values

0.25 L 4.3 ±5.0 6.6 ±5.0 <0.13

R 4.3 ±3.4 6.8 ±5.5 <0.07

0.5 L 2.3 ±4.9 4.5 ±5.8 <0.15

R 2.7 ±4.3 4.3 ± 5.2 <0.23

1.0 L 1.0 ± 3.8 4.3 ±6.6 <0.04*

R 1.7 ±4.0 4.5 ±5.3 <0.04*

2.0 L 0.7 ±5.0 2.3 ±7.7 <0.40

R 0.2 ±4.5 2.0 ±5.7 <0.21

4.0 L 4.7 ±9.0 9.3 ±9.3 <0.08

R 3.2 ±6.1 8.9 ±10.0 <0.02*

8.0 L 9.8 ±8.5 17.7 ±17.8 <0.06

R 6.7 ±5.6 16.1 ±16.0 <0.01*
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The comparison of the means shows that the hearing thresholds of the obligate carriers are 

worse than those of the controls at all test frequencies. The difference were significant (P < 

0.05) at 1 kHz in both ears and at 4 and 8 kHz on the right.

Age effects: comparison of the mean thresholds at octave frequencies of the 22 obligate 

carriers included in the analysis and 22 of the controls who were matched in age and sex, 

showed that the obligate carriers had significantly worse hearing thresholds at 4 and 8 kHz (P 

< 0.05).

Gender effects: in both groups, men were found to have worse hearing than women. In the 

controls, men's hearing was significantly worse than women’s at 4 and 8 kHz (P <0.05) In the 

carrier group, men's hearing was worse than women’s at 0.25 and 4 kHz (P < 0.05). These 

results are consistent with those based on the National Study of Hearing in the United 

Kingdom (Lutman & Spencer, 1991), reporting small difference in the mean thresholds of 

males and females, independent of any noise exposure.

Females in the control group have also been found to have better hearing than female 

carriers at 1, 4 and 8 kHz (P < 0.05), and male carriers had worse hearing than males in the 

control group at all frequencies except 2 kHz (P < 0.05). Individual audiograms of all 24 

carriers and the 30 control subjects were compared with the 90th percentile HTLs at octave 

frequencies of otologically normal (with respect to conductive pathology and material noise 

exposure) population of the National Study of Hearing (Davis, 1994) in the appropriate age 

bands. The HTLs in 8 of the 24 obligate carriers exceeded the 90th percentile levels on at least 

one octave frequency, of at least one ear. Their audiograms are displayed in Figure 3.4. (cases 

1-8). All the control subjects had HTLs within the 90th percentile, but in one subject there was 

an ear asymmetry (case 9, Figure 3.4). All the obligate carriers were free from conductive 

pathology. In 4 of the 8 carriers whose audiograms are displayed in Figure 3.4, potentially 

damaging environmental factors were identified. Noise exposure was classified (Lutman & 

Davis, 1994) in cases 1 and 3 as material gunfire noise (> 100 rifle rounds or equivalent), and 

in case 4 as material occupational noise [> 90 dB (A) for 5 years]. Case 2 had been treated for 

tuberculosis. The audiograms of cases 1 and 2 were entirely compatible with a clinical 

diagnosis of noise and a combination of age and ototoxic drugs respectively, although in the 

latter case, a genetic predisposition to presbyacusis could not be ruled out. The hearing
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impairment in the remaining 6 carriers (cases 3-8) was attributed to genetic causes, either 

because no acquired factors were identified (cases 5, 6, 7, 8), or when they were (cases 3, 4), 

they were not likely to cause the audiometric configurations that emerged (Figure 3.4).
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Figure 3.4. Abnormal audiograms identified in obligate carriers and adult controls. Cases 1: 
audiogram of a 37-year-old male from family 2. Case 2: audiogram of a 52-year-old male from 
family 9. In both, acquired factors account for the hearing loss: in case 1, a history of exposure to 
material gunfire noise and a head injury with loss of consciousness for 30 minutes, and in case 2, a 
combination of age and ototoxic antibiotics for the treatment of tuberculosis. Cases 3-8: the 
audiograms of carriers whose hearing loss is inferred to be genetic: a 55 year old man from family 5, 
a 38 year old man from family 4, a 35 year old female from family 12, a 26 year old female from 
family 8, a 36 year old female from family 7 and a 46 year old male from family 12, respectively. Case 
9: the audiogram of a control subject with no known acquired cause.

132



Chapter 3: Results in the obligate and possible carriers

Of the 9 audiograms in Figure 3.4, 6 were unilaterally abnormal, and 5 (cases 3, 6, 7, 8 and 9) 

were also classified as asymmetrical. An asymmetry of 20 dB at 4 kHz found in case 3 may be 

explained by the history of noise exposure. Although none of the audiograms of the control 

subjects exceeded the 90th percentile criterion in the appropriate age bands, a 41 year old 

female control subject had a 20 dB threshold asymmetry at 4 kHz, practically identical to that 

of case 6, with no known environmental cause (case 9).

There was no uniformity in the audiometric configurations that were inferred to be 

genetic. They can be broadly classified into a U shape (case 3), flat (cases 4, 5), 4 kHz dip 

(case 6) and high frequency slope (cases 7, 8).

Pure-tone audiometry in the unaffected siblings (UASIBs): 2 unaffected siblings (sisters aged 

6 and 1 from family 4) were excluded because of middle-ear pathology. The mean pure-tone 

thresholds of the remaining 12 UASIBs and 30 age-appropriate controls (paediatric control 

group A) are shown in Table 3.8. At most frequencies, the HTLs of the unaffected siblings 

were marginally worse than those of the controls. The differences were significant at 4 and 8 

kHz on the left ear only (P < 0.05).

Gender effects: in the UASIB group, no differences have emerged between male and female 

HTLs, however, it was not possible to draw definitive conclusions about gender effect in this 

group because both the gender distribution and age distribution in males and females were too 

skewed for analysis. Within the control group, the gender effect was negligible: there were no 

difference between the HTLs of males and females, except at 0.25 kHz, where the females’ 

HTLs were worse (P < 0.05).

In the absence of epidemiological data in children and young adults (<18 years),
iL

individual HTLs of the UASIBs and control subjects were compared to the 90 percentiles of 

adults in the 18-30 age band of the National Study of Hearing (Davis, 1994) in the overall 

occupational group, screened for noise, and in the appropriate ear and gender. This comparison 

yielded an unacceptably high number of subjects in both groups with abnormal HTLs at 0.25 

and/or 0.5 kHz. The mean HTLs of the paediatric controls (Table 3.8) were generally worse 

than those found in the respective adult controls (see Table 3.7 above) at the low frequencies 

(0.25 and 1 kHz) and better at the high frequencies. In order to compensate for the differences 

in HTLs at the low frequencies of the young subjects of this study and the epidemiological data
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in the 18-30 age band, the low frequencies were compared with the low-frequency average 

(average HTLs at 0.25, 0.5 and 1 kHz) of the epidemiological data. As in the adult groups, 

HTLs in the 1 to 8 kHz range were considered abnormal if they exceeded the 90th percentile 

level at any frequency.

Table 3.8. Comparison of group means ofpure tone thresholds ofthe unaffected siblings and age 

appropriate controls at each test frequency.

Key: SD = standard deviation. * = Significant difference (P < 0.05).

Frequency

(kHz)

Ear Paediatric controls 

(n = 30) 

Means (dB) ±SD

Unaffected siblings 

(n = 12) 

Means (dB) ±SD

P values

0.25 L 5.2 ± 4.8 7.5 ± 7.2 <0.23

R 6.3 ± 6.8 6.3 ± 8.1 <0.97

0.5 L 2.2 ± 3.9 5.0 ± 6.7 <0.09

R 5.7 ± 4.5 6.3 ± 6.8 <0.75

1 L 0.5 ± 4.4 2.5 ± 5.4 <0.22

R 1.3 ± 4.7 4.2 ± 7.0 <0.14

2 L -2.2 ± 4.9 -1.7 ± 4.9 <0.77

R -0.7 ± 4.7 0.8 ± 7.9 <0.45

4 L -1.0 ± 5.2 5.8 ± 7.6 <0.02*

R -1.2 ± 5.5 2.9 ± 7.5 <0.06

8 L 2.7 ± 6.3 10.0 ± 9.3 <0.05*

R 6.3 ± 6.6 6.3 ± 7.4 <0.97
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The HTLs in two of the UASIBs exceeded these upper limits. Their audiograms are 

shown in Figure 3.5. The abnormalities were bilateral in the male aged 23 from family 6 and 

unilateral in the 4-year-old boy from family 8 (Figure 3.5). In the former, the reliability of the 

audiogram was questioned because of his learning disabilities, but the same HTLs were 

obtained when the audiogram was repeated. The HTLs in this case also exceeded the 

epidemiological 90th percentile HTLs at individual frequencies for his age band. None of the 

control subjects had abnormal HTLs.
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Figure 3.5. Abnormal audiograms identified in the unaffected siblings.

3.2.1.2. Summary and interpretation of pure-tone findings

Abnormal audiograms, attributed to genetic causes, were identified in 6 (25%) of 24 obligate 

carriers. This is contrary to the widely held assumption that obligate carriers of ARNSHL have 

normal hearing. The auditory thresholds in all these cases exceeded the 90th percentile HTLs 

of otologically normal adults (Davis, 1994). The hearing loss was inferred to be genetic 

through carefiil exclusion of exogenous risk factors affecting the hearing, at pre, peri and post

natal stages, based on a detailed clinical history.

The pure-tone abnormalities were slight in all but one case. Of the various audiometric 

configurations that were identified, it is likely that only those affecting the middle frequencies 

(cases 3 - 5 )  may be recognised as distinctly associated with genetic aetiology. With regard to 

the remaining audiometric configurations (cases 6 - 8), a genetic component would be difficult
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to isolate from the plethora of acquired conditions known to affect the high frequencies, 

particularly in a clinical context, when a genetic aetiology is not suspected. Nonetheless, in this 

group of known carriers, this relatively high prevalence of PTA abnormalities is striking.

All the control subjects had HTLs within the 90th percentile limit in the appropriate 

age bands, but in one, an ear asymmetry was identified (case 9). The cause was unknown, but 

attributing this to heterozygosity for ARNSHL mutation would be consistent with the 

estimation that 1 in 8 of the general population is a carrier for ARNSHL (Morton, 1991), 

combined with the prediction, emerging from our findings in the carrier group, that 25% of 

carriers will have a PTA abnormality. However, the application of 90th percentile levels 

excludes by definition one in ten as outliers, and should add three further controls with 

abnormal HTLs. The fact that only one control subject had a PTA abnormality may be 

explained by the stringent exclusion criteria used when selecting control subjects for this study, 

compared with that of Davis’ (1994), particularly the family history of genetic hearing 

impairment.

Even if it were accepted that the abnormal audiograms are the result of the carrier state 

for ARNSHL, a uniform audiological profile would not be expected, because of genetic 

heterogeneity. The causative mutation can be at one of many different gene loci, the altered 

function of which may have differing qualitative or quantitative effects on audiological 

function. Variations between two carrier parents in the same family could, in part, be due to 

the fact that they carry different mutations, although it should be noted that there is also 

variation between two ears of the same individual. Nevertheless, it is possible that mutations at 

some loci never cause abnormalities in the heterozygotes, whilst others often do, and any such 

information in the future could be useful in focusing DNA diagnostic tests in affected 

individuals seen in audiological practice. The U shape audiometric configuration of case 3 is 

frequently encountered in autosomal dominant hearing impairment (Liu & Xu, 1994) and is an 

unusual finding in carriers of ARNSHL. It can be speculated that a mild dominant mutation at 

an identical locus to a recessive mutation in the spouse can interact to produce severe or 

profound ARNSHL in the children. In this pedigree there were three children, of whom two (a 

boy and a girl) had profound hearing impairment.
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Each UASIB carries a 67% risk of being a carrier. The finding of abnormal HTLs in 

25% of the obligate carriers leads to the expectation of abnormal HTLs in 16.7% of the 

UASIBs. Hence, the finding of abnormal audiogram in two (16.7%) of the unaffected siblings 

is consistent with the risk of inheriting a mutation. However, it can equally be argued that the 

application of the 90th percentile levels to the data was expected to yield approximately 10% of 

the UASIBs with abnormal results. One of the UASIBs and one of the obligate carriers in 

whom a HTL abnormality were found were from the same family (case 2, Figure 3.4 and case 

2, Figure 3.5 respectively).

3.2.2. B£k6sy and audioscan sweep audiometry tests

3.2.2.1. B6kesy test

The first and most widely used criteria for Bekesy dips were defined by Anderson & 

Wedenberg (1968) and consisted of a minimum depth of 20 dB, up to 3 kHz. In order to 

examine if the two parameters of the criteria, depth and frequency, are linked, a scatter plot of 

all Bekesy dips with a minimum mean depth of 12.5 dB of drop and recovery was plotted in 

relation to their frequency and shown in Figure 3.6. A minimum value of 10 dB was required 

both for the drop and the recovery of dips and the application of this criterion yielded a total of 

29 dips in the adult controls and 21 dips in the obligate carriers.

The scatter plots do not reveal any correlation between the two parameters. There was 

a high prevalence of dips in both groups, with the majority occurring at frequencies greater 

than 3 kHz (65% and 86% respectively in the controls and carriers). The difference between 

the depth of dips in the carriers and the controls, and their mean frequency, were not 

significant (means /-test, P > 0.05).

The effect o f  different depth criteria fo r  dips: ARNSHL is a genetically heterogeneous 

condition. Phenotypic findings, such as the presence of dips in the hearing, may be associated 

with just one locus and/or type of mutation. Therefore, even if we assume that dips are 

indicators of the carrier status, it is unclear in what percentage of carriers they may be found. 

The situation is further complicated by the fact that from genetic and epidemiological studies it 

is estimated that 1 in 8 (12.5%) of the normal population may carry a recessive gene for 

hearing impairment (Morton, 1991). Based on this premise, a criterion for a dip that yields up
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to 12.5% in control subjects could be valid. Table 3 .9 shows the number of obligate carriers 

and controls with dips on Bekesy in the 0.25 -  8 kHz range using different depth criteria. Dips 

consistent with the minimum criterion of 12.5 dB (criterion A) were found in 17/30 (56.7%) 

control subjects and 14/24 (58.3%) obligate carriers. The dips were either unilateral or 

bilateral, with some subjects having two dips in one or both ears. Anderson and Wedenberg's 

criterion (D), consisting of a minimum depth of 20 dB, yields five carriers with dips and five 

controls with dips in our groups. The strictest criteria for a dip (a minimum depth of 22.5 dB - 

criterion E) gave one control subject and three carriers with dips.
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Figure 3.6. Scatter plots of depth of Bekesy dips found in the adult controls (top) and obligate carriers 

and their frequency.

138



Chapter 3: Results in the obligate and possible carriers

Table 3.9. The number ofcarriers and controls with Bekesy dips using various depth criteria.

Criteria M ean Depth 

(dB)

Num ber o f Controls 

(n = 30) with dips (%)

N um ber o f carriers 

(n = 24) with dips (%)

A 12.5 17(56.7) 14 (58.3)

B 15.0 13 (43.3) 12 (50.0)

C 17.5 11 (36.7) 7 (29.2)

D 20.0 5 (16.7) 5 (20.8)

E 22.5 1 (3.3) 3 (12.5)

Since not all the carriers have dips, the finding of 3.3% of controls with dips, resulting from 

the application of criterion E, is not at odds with the expected proportion of carriers in the 

normal population. However, the number of obligate carriers with these dips was only 

marginally higher than the controls. It is not possible to effectively separate the carriers of 

ARNSHL from the rest of the subjects using any of the five criteria, the data shown in Table 

3.9 suggesting that the finding of dips on Bekesy is non-specific and cannot be reliably 

associated with the carrier state.

In an attempt to replicate the results of other authors, who up till now considered dips 

up to 3 kHz (Anderson & Wedenberg, 1968; Parving, 1978; Meredith et al., 1992; Sirimanna, 

1995; Stephens et al., 1995), the number of subjects with Bekesy dips up to 3 kHz only was 

compared in the two groups (Table 3.9). The exclusion of high frequency Bekesy dips left 

either very few or no controls or carriers with dips, and did not improve discrimination 

between them.

Bekesy dips in the unaffected siblings: since discrimination on the basis of dips might 

be clearer at a younger age, Bekesy dips were analysed in the unaffected siblings using 

criterion E, the most expedient criterion for Bekesy dips to emerge from the results of the 

obligate carriers. The unaffected siblings have a 67% chance of inheriting the mutation, and 

based on this premise, the number of those with dips should be two-thirds the percentage of
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obligate carriers with dips. Two of the 24 (8.3%) paediatric control subjects (control group B) 

and 1/8 (12.5%) unaffected siblings were found to have dips.

Table 3.10. The number o f  controls and carriers with Bekesy dips up to 3 kHz, based on the criteria o f  

Table 3.9.

N um ber of 

controls with dips 

(0.25-8 kHz)

Number of 

controls with dips 

(0.25-3 kHz)

Number of 

carriers with dips 

(0.25-8 kHz)

Number of 

carriers with dips 

(0.25-3 kHz)

B 13 4(13.3%) 12 2 (8.3%)

C 11 3 (10.0%) 7 1 (4.2%)

D 5 1 (3.3%) 5 0

E 1 0 3 0

All the Bekesy dips resulting from the application of criteria E to the paediatric groups 

were greater than 3 kHz. This was also true for Bekesy dips consistent with criteria E in the 

adults. Since children are less at risk of being affected by exogenous factors, these results 

indicate that the high frequency dips found on Bekesy may have an early age onset, and may 

be developmental.

The application of criterion D o f Anderson and Wedenberg to the paediatric 

groups yields dips in 4 (17%) controls, and one unaffected sibling.

3.2.2.2. Audioscan test

As with the Bekesy test, the minimum depth that was defined as a dip was a mean of 12.5 dB 

of the drop and recovery, with neither measure being less than 10 dB. The scatter plot of the 

depth of dips versus frequency (Figure 3.7) shows that there is no correlation between depth 

and frequency on this test. Thirty-two audioscan dips were found in the control group and 23 

in the obligate carriers. As shown in Figure 3.7, the frequency of dips in the control group is 

evenly distributed below and above 3 kHz, whilst in the obligate carriers, dips above 3 kHz are 

marginally more prevalent. However, there was no difference on the means t-test between the 

depth of dips or their frequency in the control and the carrier groups.
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Figure 3.7. Scatter plots of depth of audioscan dips found in the adult controls (top) and the obligate 

carriers and their frequency.

The numbers of carriers and control subjects with audioscan dips in the 0.25-8 kHz range 

were compared using various depth criteria. As shown in Table 3.11, the application of a 

minimum criterion (A) of 12.5 dB does not discriminate effectively between 18/30 (60%) 

control subjects and 13/24 (54.2%) carriers.
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Table 3.11. The number o f  carriers and controls with audioscan dips using various depth criteria.

Criteria Mean Depth 

(dB)

Number of Controls 

(n = 30) with dips (%)

Num ber of carriers 

(n = 24) with dips (%)

A 12.5 18(60.0) 13 (54.2)

B 15.0 13 (43.3) 13 (54.2)

C 17.5 9 (30.0) 6 (25.0)

D 20.0 9 (30.0) 4 (16.7)

E 22.5 5 (16.7) 2 (8.3)

Of the various criteria that were applied to the data (Table 3.11), only dips with a minimum 

depth of 15 dB (criterion B) were found in a marginally higher percentage of carriers than 

controls. This finding is the same as the minimum depth of audioscan dips defined by 

Meredith et al. (1992) and Stephens et al. (1995). However, the percentage of control subjects 

with dips is far higher than expected from the predicted percentage of carriers of recessive 

genes in the normal population, and was not significantly higher than in the carrier group.

Table 3.12. The number o f  controls and carriers with audioscan dips up to 3 kHz, based on the criteria o f  

Table 3.11.

Num ber of Number of Number of Number of

controls with dips controls with dips carriers with dips carriers with dips

(0.25-8 kHz) (0.25-3 kHz) (0.25-8 kHz) (0.25-3 kHz)

B 13 6 (20.0%) 13 6 (25%)

C 9 5 (16.6%) 6 2 (8.3%)

D 5 5 (16.6%) 4 1 (4.2%)

E 1 1 (3.3%) 2 1 (4.2%)

In an attempt to improve the application of the various depth criteria on audioscan, the 

numbers of obligate carriers and controls with dips up to 3 kHz only were compared (Table
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3.12). The exclusion of high frequency audioscan dips did not enhance the application of any 

of the criteria that were considered.

Based on these results, an automatic exclusion of high frequency dips is not justified 

on either test, although it may be judged appropriate in individual cases, in whom the clinical 

history indicates a risk of acquired damage.

Audioscan dips in the unaffected siblings: of the 24 paediatric control subjects, 10 (41.6%) 

had audioscan dips with a minimum depth of 15 dB (criterion B). This figure is similar to the 

40% of adult control subjects with dips. Of the 8 unaffected siblings, 6 (75%) had audioscan 

dips, compared with 58.3% in the obligate carriers.

Figure 3.8 shows the scatter of the depth of audioscan dips found in the paediatric 

controls and the unaffected siblings, in relation to their frequency. Interestingly, 91.3% of the 

total number of audioscan dips found in these two groups were less or equal to 3 kHz. 

Comparing these results to the audioscan dips in the adults, the children not only have far 

fewer high frequency dips, but some have dips at 1 kHz or lower, whereas all the audioscan 

dips found in the adults were at higher frequencies than 1 kHz. The frequency distribution of 

audioscan dips in the children is also in marked contrast to that of Bekesy dips in the paediatric 

groups, all of whom had dips at high frequencies.

Agreement between tests: agreement between tests was judged positive when a) dips were 

present both on Bekesy and audioscan in the same individuals, and b) the peak frequencies of 

the dips were within ±0.5 octaves of each other.

There were more individuals with dips on audioscan than Bekesy (see Tables 3.9 and 

3.11), both in the adults and paediatric groups. The most likely explanation for the difference 

in prevalence between the tests is the different depth criteria that were adopted in this study.

As shown in Tables 3.9 and 3.11, a minimum depth criterion of 15 dB for both tests yields 

very similar numbers of control subjects and carriers with dips.
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Figure 3.8. Scatter plots of depth of audioscan dips versus frequency in the unaffected children (top) 

and paediatric control subjects.

Three of the four adults and all three children, who had dips on Bekesy, also had dips on 

audioscan. Clearly, the converse cannot be inferred. The dips in two of the four adults were 

judged to be the same in terms of frequency. In the paediatric groups, there was no agreement 

between tests in peak frequency of the dips, since the frequency of dips on Bekesy were in all 

cases greater than 3 kHz and on audioscan less than 3 kHz in the same children.

Dip bandwidth: the necessity to define a minimum bandwidth for Bekesy dips, as proposed by 

Anderson & Wedenberg (1968), is questioned. It is possible that such a limit was imposed in 

order to ensure that there is a sufficient number of excursions at the margins and peak, for dips
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to be determined confidently. However, for this very reason, Bekesy dips are frequently wider 

than one octave. In our data, of the 10 adult subjects (five carriers and five control) with 

Bekesy dips > 20 dB, the bandwidth was greater than 1 octave in all but one carrier.

By contrast, defining a maximum bandwidth for dips is useful because beyond a 

certain limit, a hearing loss is too wide to be called a dip. In this study, an upper limit of 1.5 

octaves was applied, and all the dips on Bekesy and audioscan fulfilled this criterion.

With respect to the audioscan technique, one of its main advantages over the Bekesy is 

that it enables dips of very narrow bandwidth to be detected. Therefore, the imposition of a 

minimum bandwidth may be limiting. As with Bekesy, a maximum limit of 1.5 octaves helped 

to separate dips from other types of hearing loss. The majority of audioscan dips (74%) were 

equal to or less than 1 octave wide, whereas the majority of dips on Bekesy were half an 

octave wider.

Reproducibility: allowing for errors in measurement, a dip on either Bekesy or audioscan was 

considered reproducible provided it occurred at the same frequency, and its depth did not 

exceed ± 5 dB difference from the first, on either drop or recovery, or if the depth was 

consistent with the minimum criterion for this test.

Repeat testing was carried out on three of the four adults and all three of the children 

with dips on Bekesy. All were reproducible.

Repeat audioscan test was carried out on 21 adults, who had a total of 36 dips. Twenty 

six (72.2%) were reproducible. The audioscan test was also repeated in 15 children (either 

controls or unaffected siblings), who had a total of 22 dips. Thirteen (59%) of the dips in the 

children were reproducible.

Reproducibility of dips on audioscan was better in the obligate carriers than in the 

controls (81.2 and 65% respectively). The difference in reproducibility of audioscan dips 

between the unaffected sibling and paediatric controls was even greater: 88.8% and 40% 

respectively.

Pedigrees with profound loss and dips: it could be speculated that the incidence and severity 

of auditory aberrations in the heterozygote carriers in pedigrees in whom the homozygotes 

(with two mutated alleles) have a profound hearing loss, is higher than in carriers of the less
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severely affected families. Based on this premise, the obligate carriers from five families (10 

obligate carriers), in whom the affected children's hearing loss was classified as profound, 

were studied, to evaluate whether a greater proportion of these heterozygotes have dips than 

the group as a whole.

The analysis revealed only 1/10 carriers with a significant dip on Bekesy (criterion E), 

and 5/10 (50%) with dips on audioscan (criterion B). Comparing these figures with the 

percentage of all the carriers with dips on Bekesy (Table 3.9) and audioscan (Table 3.11) does 

not support the hypothesis that the severity of hearing loss in the affected children increases the 

probability of dips in their parents.

Similarly, no increase in the prevalence of dips was found in the four unaffected 

siblings of the above families, when compared to the group as a whole. One of four had a dip 

on Bekesy, and 3/4 had a dip on audioscan.

3.2.2.3. Summary and interpretation ofB6k6sy and audioscan test findings

On Bekesy audiometry, a dip of a minimum mean depth of 22.5 dB was identified as 

providing the best differentiation between the control group and the obligate carriers of 

ARNSHL. This criterion is marginally deeper than the minimum 20 dB depth put forwards by 

Anderson & Wedenberg (1968), and the slight discrepancy may arise from the imprecise 

nature of threshold measurements of Bekesy tracings.

With respect to the audioscan test, the best criterion for a dip to emerge was a 

minimum depth of 15 dB. This is consistent with previous findings (Meredith, et al., 1992; 

Sirimanna, 1995), as is our figure of 54.2% obligate carriers of ARNSHL with dips on 

audioscan (Stephens et al., 1995). By contrast, the percentage of control subjects with 

audioscan dips found in this study far exceeds the percentages of around 14%, published 

previously (Meredith et al., 1992; Sirimanna, 1995) and is a little higher than the 36% of 

controls with dips reported by Stephens et al., (1995) in the same frequency range that was 

used in our study (0.25 - 8 kHz). The high prevalence of control subjects with dips found here 

may be explained by the selection, in this study, of naive listeners, who were unrelated to the 

carriers, whereas among the controls in the study by Stephens et al. (1995) were spouses of 

the hearing impaired patients and members of staff, who could be experienced listeners and 

highly motivated. This hypothesis is supported by the discrepancy between the high
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reproducibility of audioscan dips on repeat testing shown in the experimental groups, 

compared to poor reproducibility of audioscan dips in the control groups. Based on our results, 

the significance that can be attached to the finding of dips on audioscan is questionable.

In this study, dips up to 8 kHz were initially considered in the evaluation of the most 

appropriate criteria. The exclusion of dips > 3 kHz, on the grounds that they might be 

produced by exogenous factors, did not improve the application of any of the criteria either on 

Bekesy or audioscan, probably because the majority of the dips found in the adult population 

occurred at high frequencies. By contrast, 91.3% of dips found in the paediatric groups were 

below or equal to 3 kHz. Genetic and acquired factors may influence these trends. A genetic 

predisposition underlying the acquisition of high frequency dips later on in life is a possible 

explanation. The higher percentage of high frequency dips in the obligate carriers compared 

with the adult controls may also be explained by the fact that control subjects who were 

exposed to exogenous factors were excluded from the study, but obligate carriers were not.

Most of the subjects who were found to have dips on Bekesy also had dips on 

audioscan, both in the adult and paediatric groups. This finding may initially be interpreted as 

an indication that where an audioscan is available, the Bekesy test is superfluous. However, 

dips on audioscan are less repeatable, and this fact, coupled with the high prevalence of 

audioscan dips in the normal population, combine to seriously question the contribution of this 

test to an audiological test battery designed to define the auditory function of carriers of 

mutations causing ARNSHL.

More dips were found using the audioscan test than with Bekesy. The data presented 

in Tables 3.9 and 3.11 point to the differences in depth criteria adopted in this study for each 

test as one of the main reasons to account for this. As shown in Tables 3.9 and 3.11, the 

application of a minimum depth of 15 dB yields virtually identical numbers of controls and 

carriers with dips on both tests. These results do not indicate greater sensitivity of the 

audioscan method. Moreover, the relatively poor reproducibility of this technique, and the lack 

of agreement between the tests may well be a consequence of the difficulty in performing the 

audioscan test, leading to false positive results.

Finally, the findings of this study do not demonstrate a convincing link between the 

carrier state in ARNSHL and dips, either on Bekesy or audioscan. The number of Bekesy dips
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in the obligate carriers was too small for any clinical utility. On the other hand, the prevalence 

of audioscan dips in the normal population was too great, and repeatability of the test too poor, 

to be useful as a clinical test. Severity of hearing loss in the homozygotes was also shown to be 

irrelevant to the incidence of dips in the heterozygotes. Although the finding of dips has 

emerged as an unreliable indicator of the carrier status, it may gain significance when 

combined with other auditory measures, such as otoacoustic emissions, or when studied in 

consanguineous pedigrees, in whom a greater concordance in the phenotypic findings of family 

members is expected.

3.2.3. Acoustic reflex thresholds and auditory brainstem responses

3.2.3.1. Acoustic reflex thresholds (ARTs)

Comparison o f the mean ART of the obligate carriers and the adult control subjects at the 

four activator frequencies is shown in Table 3.13. All 24 obligate carriers were included in 

this analysis, because all had auditory thresholds within the 55 dB watershed, beyond 

which the ART levels are not expected to remain within normal levels, but increase with 

increasing auditory thresholds at each activator frequency (Cohen & Prasher, 1992).

Thus, all carriers were expected to have ARTs at normal levels. Absent contralateral 

ARTs were assigned a value that was 5 dB greater than the maximum output o f the 

impedance meter at the activator frequency.

As with the PTA, the mean ARTs were a little worse in the carriers than in the control 

group at all frequencies, but no obvious pattern emerged from those frequencies where the 

difference was significant. Of the 4 ART measurements that were recorded (2 crossed and 2 

uncrossed), 3 were significantly higher in the carriers than in the controls at 2 kHz (Table

3.13). As shown in Table 3.7, the HTLs at this frequency were not significantly different in the 

controls and carriers.
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Table 3.13. Group means o f contralateral and ipsi lateral ART at each activatorfrequency o f obligate 

carriers (n =24) and adult controls (n = 30).

Key: Rec = recording. Freq = frequency. C = contralateral. I = ipsilateral. SD = standard 

deviation. * = Significant difference (P < 0.05).

Rec Frequency Control group Obligate carriers P

side (kHz) Means (dB) ±SD Means (dB) +SD values

Left ear stimulation:

I 0.5 82.8 ± 6.1 84.4 ± 6.8 <0.39

C 0.5 91.2 ± 8.1 94.8 ± 10.1 <0.16

I 1 82.3 ± 6.3 85.2 ± 8.4 <0.17

C 1 87.5 ± 6.7 93.3 ± 10.2 <0.02*

I 2 84.5 ± 7.1 88.1 ± 10.4 <0.15

C 2 88.0 ± 6.6 95.2 ± 11.4 <0.01*

I 4 92.5 ± 14.2 90.8 ± 11.5 <0.77

C 4 92.7 ± 8.8 100.6 ±13.7 <0.02*

Right ear stimulation:

I 0.5 82.8 ± 6.1 85.4 ± 8.1 <0.20

C 0.5 91.2 ± 7.7 91.9 ± 8.7 <0.76

I 1 81.2 ± 6.3 85.8 ± 9.7 <0.05*

c 1 87.2 ± 5.7 89.2 ± 8.4 <0.09

I 2 84.5 ± 7.1 89.8 ± 10.5 <0.04*

c 2 88.0 ± 5.4 92.3 ± 7.7 <0.03*

I 4 89.0 ± 13.1 91.7 ± 10.1 <0.10

c 4 92.8 ± 10.4 97.7 ± 12.2 <0.09

From the application of our clinical criteria for abnormality, the individual ARTs of all 

the controls were judged to be within normal limits, but were pathologically elevated in four of 

the obligate carriers. The four obligate carriers are listed in Table 3.14, together with their 

ART results. The two male carriers listed in Table 3.14 were also identified as having 

abnormal HTLs, which were inferred to be acquired (cases 1,2, Figure 3.1).
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ART in the unaffected siblings: there were two UASIBs who were older than 16 years, and 

their ARTs were evaluated using the adult ART criteria. Both had normal ARTs. The mean 

ARTs of the remaining 10 UASIBs were compared with those of 30 age appropriate controls 

(paediatric control group A) as shown in Table 3.15. Although the means were consistently 

higher in the experimental group, the differences reached significance levels in the left ear at 1 

and 2 kHz for contralateral stimulation only.

Table 3.14. Obligate carriers with pathologically elevated ART.

Key: Fam. = family. Stim. = Stimulus. C = contralateral. I = ipsilateral. M = male. F = female.

Fam Age/se Stim C0.5 Cl C2 C4 I0.S 11 12 14 Pattern

• X side kHz kHz kHz kHz kHz kHz kHz kHz

2 37M L 105 105 105 115 95 95 100 >100 Output

R 90 90 95 110 95 100 >105 >100

3 27F L 100 100 120 >115 85 90 >105 >100 Vertical

R 85 95 105 >115 90 90 105 100

6 43F L 115 120 120 >115 85 85 80 90 Output

R 90 85 95 95 105 >110 >105 >100

9 52M L 95 105 115 >115 90 >100 >100 >100 Inverted

‘L’

R 95 110 110 >115 90 95 105 105
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Table 3.15. Group means o f contralateral and ipsilateral ART in 10 UASIBs and 30 age appropriate 

controls at 4 activator frequencies.

Key: Rec. = recording. Freq. = frequency. C = contralateral. I = ipsilateral. SD = standard 

deviation. * = Significant difference (P <0.05).

Rec. Frequency Control group UASIBs P values

side (kHz) Means (dB) +SD Mean (dB)± SD

Left ear stimulation:

I 0.5 87.8 ± 6.9 88.0 ± 7.9 <0.56

C 0.5 97.0 ± 7.4 100.0 ±14.1 <0.08

I 1 86.5 ± 5.6 87.0 ± 7.2 <0.51

C 1 92.2 ± 6.1 93.5 ± 10.3 <0.02*

I 2 90.0 ± 7.8 90.0 ± 8.5 <1.00

C 2 94.5 ± 6.6 97.0 11.8 <0.01*

I 4 91.5 ± 9.3 99.5 ± 17.9 <0.09

C 4 96.5± 9.8 105.5 ±15.9 <0.14

Right ear stimulation:

I 0.5 87.2 ± 5.2 88.0 ± 8.9 <0.72
C 0.5 97.2 ± 7.5 101.0 ±8.4 <0.18
I 1 86.8 ± 6.2 88.0 ± 7.9 <0.63
c 1 92.7 ± 7.3 95.0 ± 9.1 <0.42
I 2 90.0 ± 8.1 91.0 ± 8.4 <0.74
c 2 93.2 ± 6.8 96.5 ± 9.7 <0.24
I 4 92.0 ± 9.3 99.5 ± 17.4 <0.09
c 4 96.3 ± 12.5 103.5 ±16.3 <0.16

The mean ipsilateral and contralateral ARTs of the paediatric control group shown in Table 

3.15 were higher than the mean ARTs of the adult controls (Table 3.13). This finding is 

consistent with previous studies (Osterhammel & Osterhammel, 1979; Jerger et al., 1972). 

However, the upper limits of ARTs of the paediatric controls were similar to those in the 

adults. This implies that the application of the adult normal ART criteria, which was based on
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upper limits of ARTs, would be appropriate in the younger group as well. From its application, 

the individual ARTs of all the paediatric controls were judged to be within normal limits, but 

pathologically elevated ARTs were found in 3 UASIBs. They are listed in Table 3.16, together 

with the patterns of ART abnormality that emerged.

Table 3.16. Unaffected siblings with pathologically elevated ART.

Key: Stim = stimulus. C = contralateral. I = ipsilateral. M = male. F = female.

Family Age/

sex

Stim

Ear

Frequency (kHz) 

C0.5 Cl C2 C4

Frequency (kHz) 

10.5 11 12 14

Pattern

2 16M L 95 100 110 >115 85 90 100 >100

R 95 100 n o >115 85 90 100 >100 Horizontal

8 7F L 110 110 110 >115 95 95 105 >100

R 105 100 105 115 95 90 95 100 Unibox

11 14M L 95 100 110 >115 85 90 100 >100

R 95 100 110 >115 85 90 100 >100 Horizontal

3.2.3.2. Auditory brainstem response (ABRs)

All the obligate carriers had the ABR test. The mean ABR values obtained in the obligate 

carriers are shown in Table 3.17 for each ear separately. The mean latencies were well within 

the normal range (see section 2.4.7), however, the maximum latencies of several ABR 

components exceeded the normal range.

Five obligate carriers emerged as having abnormal ABRs. They are listed in Table 

3.18, together with the latencies of their ABRs. An isolated wave I abnormality, identified in 

the 43 year old female from family 6, was not thought to be significant. In the remaining four 

carriers listed in Table 3.18, the ABR abnormalities were unilateral, and involved the I-IH 

interval. ABR abnormalities were observed in both parents of one family (family 3).
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Table 3.17. Mean, minimum, maximum and standard deviation ofthe various latencies o f the ABR test in 

the obligate carriers (n =48 ears).

Key: Stim = stimulation. Rec = recording, ms = milliseconds. I = ipsilateral. Latencies 

exceeding the normal range are indicated in bold.

Stim/Rec

side

Mean

(ms)

SD Minimum

(ms)

Maximum

(ms)

Wave I left 1.59 .14 1.36 1.84

Wave III left 3.81 .21 3.44 4.12

Wave V left 5.66 .25 5.16 6.08

I-III left 2.22 .18 1.92 2.52

III-V left 1.83 .17 1.60 2.12

I-V left 4.06 .24 3.68 4.48

Wave I right 1.60 .19 1.36 2.20

Wave III right 3.77 .21 3.40 4.12

Wave V right 5.66 .27 5.20 6.24

I-III right 2.16 .22 1.68 2.60

III-V right 1.89 .15 1.60 2.20

I-V right 4.05 .30 3.44 4.68
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Table 3.18. ABR abnormalities found in the obligate carriers.

Key: M = male. F = female, ms = milliseconds. Abnormal latencies indicated in bold.

Family Age/

sex

Stim

ear

Wave latency (ms)

I III V

Interwave latency (ms) 

I-III III-V I-V

2 37M L 1.60 4.12 6.08 2.52 1.96 4.48

R 1.44 3.72 5.76 2.28 2.04 4.32

3 30M L 1.64 4.12 5.84 2.40 1.60 4.20

R 1.48 4.08 5.84 2.60 1.76 4.36

3 27F L 1.60 4.08 5.68 2.48 1.60 4.08

R 1.72 3.84 5.64 2.12 1.80 3.92

6 43F L 1.68 4.04 5.88 2.36 1.84 4.20

R 2.20 4.12 6.04 1.92 1.92 3.84

12 46M L 1.60 4.00 5.96 2.40 1.96 4.36

R 1.56 4.04 6.24 2.48 2.20 4.68

ABR in the unaffected siblings: the 2 UASIBs > 16 years of age had normal ABRs. An 

additional UASIB (a 16-year-old girl from family 12) did not have the test. The mean ABR 

results of the remaining nine unaffected siblings were compared with those of 12 control 

subjects (control group D). The results are presented in Table 3.19.

Unexpectedly, the mean latencies of waves HI and V, and the mean interwave intervals 

I-m and I-V were significantly shorter in the UASIBs than in the controls. None of the 

possible carriers were judged to have abnormal ABRs (defined as exceeding ± 2 standard 

deviations from the mean).

The association o f ART and ABR abnormalities in obligate and possible carriers: 2/4 

obligate carriers, who had pathologically elevated ARTs, also had abnormally prolonged ABR 

latencies. In the UASIB group, there was no association between abnormal ART and ABR: all 

three unaffected siblings with abnormal ARTs had normal ABRs.
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Table 3.19. Comparison o f the mean latencies o f the ABR components o f the UASIBs and age appropriate 

controls (group D).

Key: ms = milliseconds. SD = standard deviation. * = Significant difference (P < 0.05).

Component Controls (n = 12) 

Means (ms) ± SD

UASIBs (n = 9) 

Means (ms) ± SD

P values

Wave I 1.581.08 1.571.14 .97

Wave III 3.821.13 3.691.11 .004*

Wave V 5.51.18 5.371.17 .02*

I-III interval 2 .241 . 14 2.121.15 .01*

III-V interval 1.691.14 1.71 1.14 .62

I-V interval 3.931.18 3.801.21 .04*

3.2.3.3. Summary and interpretation of ART and ABR resuits

In the only systematic study of ARTs in ARNSHL carriers, Anderson & Wedenberg (1968) 

found that 62% of their 60 presumed carriers had pathologically elevated ARTs, compared to 

just 2% in controls. From their findings, ART measurements emerged as the most sensitive 

auditory test for detecting carriers. Our results, carried out three decades later, did not replicate 

these findings: just 4 (17%) of the 24 obligate carriers had abnormal ARTs, a much smaller 

proportion than was previously reported. The discrepancy between our findings and those of 

Anderson and Wedenberg may be attributed to two factors. First, the criteria for selecting the 

ARNSHL families in this study were more stringent than in Anderson and Wedenberg’s study. 

Second, the clinical criteria for ART upper limits that were used in this study differed from the 

criteria used by Anderson and Wedenberg. They used upper limits which were lower (either 

90 or 95 dB HL), which were applied to six frequencies (including half octave activator 

frequencies), some of which are no longer used in standard clinical practice. The ART were 

considered pathologically elevated if these levels were exceeded at four frequencies in each ear 

or two frequencies in both ears. The criteria used in this study was thus clinically more 

established and proved more sensitive in differential diagnosis of auditory pathologies than the
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ART criteria of Anderson & Wedenberg (Cohen & Prasher, 1988; Prasher & Cohen, 1993). 

Therefore, it is likely that our results give a more realistic estimate of the sensitivity of the 

ART test to the carrier test in ARNSHL than was previously implied.

The ART patterns of abnormality that emerged were not uniform. Two of the four 

obligate carriers had an output pattern, which suggests pathology of the efferent section of the 

reflex arc. The patterns of ART abnormality in the remaining two carriers were indicative of 

retro-cochlear pathology (see section 2.4.6).

Three of the 12 UASIBs had pathologically elevated ARTs. Expressed in percentages, 

the incidence of abnormal ART findings in this group (25%) is a little higher than expected 

from Mendelian ratios. Moreover, in only family 2 pathologically elevated ARTs were found in 

both generations: a parent and a son. The remaining obligate carriers and UASIBs with ART 

abnormalities were all from different families.

Four of the 24 obligate carriers of our study were found to have significant ABR 

abnormalities. In terms of sensitivity, therefore, the ABR test was equal to the ART. An 

atypical feature that emerged was that the ABR abnormalities in all four carriers involved the 

earlier components of the potentials (IQ, I-IQ), generated by brainstem nuclei which are also 

shared by the acoustic reflex arc (see sections 1.13.3 and 1.13.4). This leads to the expectation 

that the ART levels in at least some of these cases may also be abnormal. The ART in two of 

the four obligate carriers with ABR abnormality were also found to be abnormal. In only one 

obligate carrier (a 27 year old female from family 3), the combination of abnormalities found 

on the ART and ABR were typical of retro-cochlear pathology: a vertical pattern of ART 

abnormality combined with prolonged wave V and I-V interval (Cohen & Prasher, 1988). A 

similar ABR abnormality was found in her spouse, however, his ARTs were normal.

There is a paucity of ABR result in carriers of ARNSHL, however, in Usher syndrome 

no significant ABR abnormalities were reported (Wagenaar et al., 1995; van Aarem et al., 

1995). In this study, the specific ABR patterns of abnormalities that were found in all four 

obligate carriers, and their association with ART abnormalities is distinctive and establish the 

clinical potential of both tests in an investigation protocol designed to distinguish normal 

hearing carriers of mutant genes causing genetic hearing impairment from non-carriers.
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3.2.4. Transient evoked otoacoustic emissions

The average noise level present in the canal during OAE measurements is composite of 

endogenous and exogenous noise. As this level affects the OAE response, the mean noise 

levels of the obligate carriers were compared to those of the adult controls and were found to 

be significantly higher in the former (mean 34.2 ± 2.2 compared with 32.6 ± 1.5 in the 

controls, P  < 0.01). The mean calculated power of the difference between the two response 

waveforms (A-B, Figure 1.17) was also found to be significantly higher in the OC group 

(mean 0.9 dB ± 1.9 compared to mean -0.45 dB ± 1.6 in the controls, Mann-Whitney U, P < 

0.0001). These differences introduced a bias to the interpretation of apparently absent OAE or 

poor reproducibility in individuals with a high level of background noise.

Boxplots of the overall level (corrected for noise) and reproducibility of the TEOAE in 

the controls and obligate carriers are shown in Figure 3.9. There were no significant 

differences between the groups with respect to the level, but the reproducibility was found to 

be significantly lower in the obligate carriers (Mann-Whitney U, P < 0.004).

In order to study the relationship between the level and reproducibility of OAE, a 

scatter of the two measures in ears of the 24 obligate carriers and 30 control subjects was 

plotted, and shown in Figure 3.10. The scatter illustrates an exponential increase in OAE level 

with increasing reproducibility in both groups. The two parameters (level and reproducibility) 

were highly correlated in both groups (R = 0.90 and 0.88 respectively for the controls and 

carriers, calculated for OAE levels > 0 dB SPL). It may also be gleaned from the scatter that in 

the majority of carriers’ ears, both level and reproducibility of the OAE response were in the 

same range as those of the controls. In only a small sub-set of carriers’ ears these measures 

were below the minimum values in the controls.
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Figure 3.9. Boxplots of OAE level (left) and reproducibility (right) in ears of 24 OCs and 30 controls. 

Each box embraces the middle 50% of the cases (from the 25th to 75th percentile), while the 

extensions connect the largest and smallest values that are not categorised as outliers (> 1.5 box- 

lengths away from the box). The horizontal line inside the box represents the median value for the 

group.

The minimum values for OAE level and reproducibility in the controls that emerged from the 

scatter of the results were used to define abnormalities in the carriers. The minimum OAE 

level in the controls was 1.3 dB and the minimum reproducibility was 59%. Including absent 

OAE, a total of 7 ears, of 4 (16.6%) obligate carriers, were defined as having abnormal OAE, 

on the basis that the overall reproducibility was < 59% and/or OAE levels < 1.3 dB. The 

obligate carriers and their TEOAE abnormalities are listed in Table 3.20.

158



Chapter 3: Results in the obligate and possible carriers

Controls

OC

•  o
_ i
CL
CO
CO
T3

C D>
4)

LU<o

-10
30 40 50 60 70 80 90 100

Reproducibility (%)

Figure 3.10. Scatter of OAE level versus reproducibility in ears of obligate carriers and controls. 

Absent OAE not shown.

All the obligate carriers with an overall OAE abnormality were male. Acquired factors that 

could account for the abnormality (outlined in the legend) were identified in two of the four 

carriers, who were excluded from further OAE analysis. The OAE abnormalities in the 

remaining two carrier listed in Table 3.20 were attributed to genetic causes, through careful 

exclusion of possible acquired causes.

Ear asymmetries: the median ear asymmetry in OAE level in the controls was 1.45 dB 

compared with 1.7 dB in the carriers, and the median interaural difference in reproducibility 

was 4 % in the controls compared with 5% in the carriers. These measures were not 

statistically significant.

Gender effect: both level and reproducibility were higher in female control subjects (n = 30 

ears) than males, but the differences were statistically significant only with respect to the levels 

(Mann-Whitney U, P < 0.01). In the experimental group there were no differences in OAE 

related to gender.
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Table 3.20. Obligate carriers in whom abnormal TEOAE levels and/or reproducibility were identified

Key: * = TEOAE findings were consistent with a history of material gunfire and occupational 

noise exposure over 15 years and bilateral 4 kHz notches (L>R) on pure-tone audiometry. ** 

= TEOAE findings were consistent with the bilateral mild to moderate hearing loss of *U* 

shaped configuration found on pure-tone audiometry. The hearing loss in this case was 

presumed to be genetic (see section 3.2.1), however, it was not possible to determine in this 

case whether the observed OAE abnormalities were caused by the threshold attenuation, or an 

additional underlying defect caused by the mutant gene.

Family Age Sex Ear OAE level 

(dB SPL)

Reproducibility

(%)

A-B 

(dB SPL)

*2 37 M left absent 28 1.3

4 38 M left -3.3 37 -0.8

right absent 25 25

**5 55 M left absent 31 1.3

right absent 37 -0.3

6 45 M right 4.2 50 4.6

There were also no significant differences between the OAE level and reproducibility 

of female carriers and female control subjects. Comparison between the male subjects in the 

two groups revealed significantly higher reproducibility of OAE in the controls (Mann- 

Whitney U, P  < 0.05), however, the differences diminished when all the male obligate carriers 

with abnormal OAE (listed in Table 3.20 above) were excluded.

Bandwidth o f OAE spectra: the distribution of OAE range was classified in ears of the 

controls and the remaining 22 obligate carriers as either 0 (none), 1, 2, 3, 4 or 5 bands wide. A 

response was interpreted as absent if the reproducibility at a particular frequency band was < 

50%, as this would render any observed response as statistically insignificant. The percentage 

of ears at each bandwidth category is shown in Figure 3.11. The barchart shows that the 

spectrum range in the majority of ears of both groups was > 4 bandwidths (59% in the controls 

and 64.4% in the carriers). The OAE response extended over at least 2 bands in all the
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Chapter 3: Results in the obligate and possible carriers

controls’ ears, however, in obligate carriers group, absent OAE at all frequencies or a single 

bandwidth response were identified in a sub-set of ears, that were specific to this group. The 

specific abnormalities in spectral range of the OAE response were found in both ears of the 

male carrier from family 4 (absent on the left and 1 band wide on the right ear) and the right 

ear of the male carrier from family 6 (1 bandwidth), both of whom also had an overall OAE 

abnormality (see Table 3.20 above).
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Figure 3.11. Spectrum range of OAE in the controls (n = 56 ears) and OCs (n = 42 ears). Data were 

not available from 4 controls’ ears and 2 OCs ears.

OAE response at discrete frequency bands: the median levels and reproducibility at each of 5 

frequency bands (from 1 to 5 kHz) of the OAE response are shown in the boxplots of Figure 

3.12. Each band encompasses a 1 kHz bandwidth extending 500 Hz either side of the central 

frequency. The magnitude of both parameters decreased with increasing frequency. The 

variability of OAE also increased with frequency, a trend that was particularly pronounced 

with respect to the reproducibility measure. A comparison of OAE level and reproducibility of 

the two groups at each frequency band revealed no significant differences, except at 1 kHz, 

where both level and reproducibility were significantly lower in the carriers (Mann-Whitney U, 

P < 0.0001). At this frequency band, the boxplot extensions were noticeably lower in ears of 

the obligate carriers, implying that a small subset of ears with particularly low scores may be 

responsible for the low median levels.
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The percentage of ears in each group with absent OAE levels (defined as either no 

response or reproducibility < 50%) is shown in Figure 3.13 at 1, 2, 3, 4 and 5 kHz. The 

percentage of ears with absent OAE increased with frequency from 3 kHz upward in both 

groups. However, at 1 and 2 kHz, abnormalities were found in the carrier group only.
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Figure 3.12. Boxplots of OAE levels (left) and reproducibility in ears of carriers (n = 42 ears,) and 

controls (n = 56 cars) at 1 ,2 ,3 ,4  and 5 kHz.

Key: Clear bars = OAE results in control subjects. Shaded bars = OAE in carriers, o = outlier. 

H = Extreme.

Absent OAE at 1 kHz were found in 5 presumed OCs, either unilaterally or bilaterally (Figure

3.13). One of the five (38-year-old male from family 4) had absent OAE at 2 kHz as well, in 

both ears. Two of the OCs with the abnormality have also been found to have both an overall 

OAE abnormality and a bandwidth spectra abnormality, but in the remaining 3, the only 

abnormality was a discrete absence of OAE 1 kHz.

The OAE spectra in all ears with abnormal OAE are shown in Figure 3.14. The 

common feature, found in at least one ear of each individual, was the absence of OAE 

response at 1 kHz. In the remaining frequency bands the pattern of abnormality varied not only
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between subjects but also between ears of individual subjects. Four of the five carriers with the 

abnormality were parent pairs in two pedigrees, and had bilateral abnormalities.
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60 - carriers

d

Q.

10 -

0
1 2 3 4 5

Frequency (kHz)

Figure 3.13. The percentage of ears of controls (n = 56 ears) and OCs (n = 42 ears) with absent OAE 

at each frequency band.

Association between OAE abnormality and hearing threshold levels at corresponding 

frequency bands: all 22 obligate carriers were clinically normal hearing, but, as outlined in 

section 3.2.1, the HTLs in six of the carriers were found to exceed the 90th percentile levels of 

the appropriate age matched epidemiological data on at least one frequency between 0.25 and 

8 kHz, with no identified acquired causes to account for the abnormality. Only one of these six 

carriers also had an OAE abnormality (case A, Figure 3.14), but the magnitude of the hearing 

loss did not exceed 20 dB at any frequency, on either ear, and was therefore not thought to 

account for the OAE abnormality (Prieve et al., 1993; Glattke & Robinette, 1997).

A common factor in all the ears of obligate carriers with an OAE abnormality was the 

involvement at 1 kHz, thus in Figure 3.15 the number of ears with abnormal OAE was plotted 

against their HTL at 1 kHz. It shows that the auditory thresholds in the majority of the ears 

with OAE abnormality were either 0 or 5 dB HL and therefore unlikely to account for the 

abnormal OAE findings.
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Figure 3.14 Spectra of OAE level (in blue) and reproducibility (in red) in 5 obligate 
carriers in whom an OAE abnormality was found.
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Chapter 3: Results in the obligate and possible carriers

1 1
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Hearing threhold level at 1 kHz (dB HL)

Figure 3.15. HTLs at 1 kHz in ears with abnormal OAE at this frequency.

OAE in the unaffected siblings: as outlined in section 2.4.8, the OAE measurements of half (n 

= 18) the subjects in paediatric control group C were not obtained in sound-proof conditions, 

and this was reflected in the mean of their average noise levels, which were almost 6 dB higher 

than in the remaining controls. Comparing the noise levels in ears of the UASIBs with ears of 

18 control subjects that were tested under the same sound -proof conditions revealed that both 

the average and the power of the difference between the two sub-averages (A-B) were 

significantly higher in the former group (average noise levels mean 35.3 dB ± 2.5 and 32.7 dB 

± 1.89 respectively, P  < 0.0001; mean difference between the sub-averages 1.3 ± 2.2 and -0.7 

± 2.0 respectively, P < 0.001).

OAE measurements were not obtained in 2 of the unaffected siblings (sisters aged 6 

years and 18 months from family 4) due to conductive hearing problems. The overall OAE 

level and reproducibility in ears of the remaining 12 UASIBs and the controls are shown in 

Figure 3.16 for each group. Both parameters were found to be significantly lower in the 

UASIB group (Mann-Whitney U, P  <0.006).

The two UASIBs >16 years of age were tested at the same site as the adults and were 

judged to have abnormal OAE by the criteria used for the obligate carriers: there was unilateral 

absence of OAE in the 23 year old male from family 6, and bilateral abnormalities in the 18
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year old female from family 5. Their OAE are listed in Table 3.21. The scatter of OAE level 

and reproducibility in ears of the remaining 10 unaffected siblings and 36 age matched controls 

(group C) are shown in Figure 3.17. There was greater correlation between the two 

parameters in the UASIB group (R = 0.85 compared to 0.66 in the controls). From the scatter, 

the OAE in the UASIBs were defined as abnormal if either the level or reproducibility were 

lower than the minimum values in the controls (1.9 dB and 63% respectively).
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120

100
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Figure 3.16. Boxplots of OAE level (top) and OAE reproducibility in ears of the UASIBs (n = 24) and 

paediatric controls (n = 72).

None of the possible carriers < 16 years had OAE levels below the minimum found in the 

controls, but a 16-year-old male from family 11 had OAE reproducibility below 63%. All three 

UASIBs in whom the OAE response emerged as abnormal are listed in Table 3.21.
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Figure 3.17. Scatter of level versus reproducibility of overall OAE response in the controls (n = 72 

ears) and UASIBs (n = 20 ears).

Table 3.21. UASIBs in whom the overall OAE were abnormal in one or both ears.

Family Age Sex Ear OAE Level 

(dB SPL)

Reproducibility

(%)

A-B 

(dB SPL)

5 18 F left absent 28 0.3

right 0.7 43 1.8

6 23 M left absent 28 5.7

11 16 M left 6.0 52 5.6

Bandwidth o f OAE spectra: the number of frequency bands at which an OAE response with 

reproducibility > 50% were present was categorised as 1, 2, 3,4, or 5 bands wide. In the event 

that no OAE were observed at any frequency band, the response was defined as absent. The 

percentage of ears of controls (n = 72) and UASIBs (n = 22 ears) in each category is displayed 

in Figure 3.18. These data were unavailable for one of the UASIB. In both groups, the
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majority of ears had a spectrum range of 4 or more bandwidths (93.1% in the controls 

compared to 72.7% in the UASIBs). However, as in the obligate carrier group, the findings of 

either absent OAE, or a single bandwidth, were found in ears of UASIBs only. Two of the 

UASIBs emerged as having a bandwidth abnormality: an 18-year-old female from family 5, 

who had absent OAE in the left ear and a single bandwidth response in the right ear, and a 16 

year old male from family 11, who had a unilateral single bandwidth response in the left ear. 

Both had an overall OAE abnormality as well (Table 3.21).

70 i

□ Controls

■ UASIBs

Absent 1 2 3 4 5
Bandwidth

Figure 3.18. Spectrum range of OAE in ears of the controls and the UASIBs.

Ear asymmetries: the median asymmetry in OAE level of the UASIBs was 2.3 dB compared 

with 2.45 dB in the controls, and the median ear difference in reproducibility was 4.5% in the 

unaffected siblings compared with 2.5 % in the controls. These differences were not 

statistically significant.

OAE at discrete frequencies: the boxplots of Figure 3.19 show the OAE level and 

reproducibility at discrete frequencies from 1 to 5 kHz in the UASIB and control groups. A 

significantly lower level was found in the former group at 1 and 3 kHz, and significantly lower 

reproducibility at 1 kHz only (Mann-Whitney U, P < 0.05).
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Figure 3.19. Boxplots of OAE levels (left) and OAE reproducibility in the controls (n = 72 ears) and 

UASIBs (n = 22 ears) at 1 ,2 ,3 ,4  and 5 kHz.

Key: Clear bars = OAE results in control subjects. Shaded bars = OAE in UASIBs.

The percentage of ears of control subjects and UASIBs with absent OAE (defined as either no 

response, or a response with reproducibility < 50%) at each frequency band is shown in Figure 

3.20, except for a 13 year old boy (family 10), for whom the frequency-dispersive OAE were 

not available. The finding of absent OAE at 1 kHz was specific to the experimental group, and 

at 2, 3 and 4 kHz, the percentage of ears of UASIBs with absent OAE significantly exceeded 

that of the controls ( j 2 test, P<  0.05).

All three possible carriers listed in Table 3.21 had absent OAE at 1 kHz in one ear. 

Their individual OAE spectra are shown in Figure 3.21. They illustrate that the patterns of 

OAE abnormality in the remaining frequencies varied not only with the individual, but also 

between two ears of each UASIB.

None of the UASIBs with OAE abnormalities had auditory thresholds > 5 dB at 1 

kHz, leading to the conclusion that the OAE abnormalities at this frequency were independent 

of the auditory thresholds.
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Figure 3.20. The percent of ears of unaffected siblings (n = 22 ears) and paediatric controls (n = 72 

ears) with absent OAE.

3.2.4.1. OAE studies in an extended pedigree

From the OAE studies in the ARNSHL pedigrees described above, it has emerged that both 

parents and the only unaffected son of family 6 had OAE abnormalities. Their TEOAE are 

shown in Figure 3.22.

In order to establish if this phenotypic feature is segregating in the extended family in 

the expected Mendelian ratio, OAE were also obtained in the extended family members, who 

have a 50 or 25% risk of being carriers. The extended pedigree is shown in Figure 3.23.
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Figure 3.21 OAE level (in blue) and reproducibility (in red) of 3 UASIBs whose OAE were 
abnormal.
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Figure 3.22. TEOAE of the unaffected subjects from family 6.

Top: TEOAE of II, (for labelling of subjects see Figure 3.23 below), showing bilateral absence 

at 1 kHz. Middle: TEOAE of II2, showing an overall abnormality, a bandwidth abnormality 

and absent OAE at 1 kHz on the right. The OAE recorded from the left ear were within 

normal limits. Lower trace: TEOAE of HI,, showing a left ear overall OAE abnormality, and a 

discrete abnormality at 1 kHz. The OAE response on the right was normal.
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1 2 3 4 5 6 7 8 9 10 11 12 13

CH = male. O = female. ■  / •  = affected male/female "j~ = test results obtained

Figure 3.23. Extended pedigree of family 6. The numbers above each symbol indicate the age. There 

were no living relatives on the maternal side, however, on the paternal side there were 5 siblings (II3

to H7).

The mother (I3) and each of the siblings of the male obligate carrier, shown in generation II of 

Figure 3.23, have a 50% risk of inheriting the mutant allele. Their offsprings have a 25% risk. 

The TEOAE, shown in Figure 3.24, were abnormal in two of the five siblings (II3 and II4). 

DPOAE were also abnormal in both individuals, and in both cases, the spectral range of the 

DP-grams was consistent with that of the TEOAE of the corresponding ears. The TEOAE 

obtained from a third sibling (II5) were within normal limits bilaterally, however, the DP-gram 

recorded from the right ear showed a limited range of DPOAE centred around 1.5 kHz only, 

and overall amplitude below that of controls. The TEOAE of their mother (I3) were absent 

bilaterally (not shown), however, in view of her age, and the clinical findings of bilateral high- 

frequency hearing loss and a retracted ear-drum on the right side, the significance of these 

latter findings was not clear.
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Figure 3.24. TEOAE and DPgrams of siblings of II2 (family 6). The shaded area on the 

DPgrams indicates the 5th to the 95th percentile range of DP levels in ears of the adult controls. 

Results of II.,: abnormally low levels of TEOAE were found in both ears, in addition to a 

bandwidth abnormality and absent OAE at 1 kHz. DPOAE show bilaterally absent responses 

up to 1.5 kHz and low level DPOAE in the remaining frequencies. Results of II4: TEOAE 

were abnormally small on the left and absent on the right. DPOAE were also absent up to 3.5 

kHz in both ears. Results of II5: TEOAE were within the normal range in both ears, but the 

right ear DPgram shows only a narrow range of DPOAE response centered around 1.5 kHz.
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Figure 3.24 continued.
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Six children in generation HI had an OAE evaluation. The OAE were normal in three 

(HI5, IHg and IH9), but in the remaining three, the interpretation was hampered by grommets 

(HI7) and other middle ear problems (ITU, Die).

3.2.4.1. Summary and interpretation of OAE findings

In the majority of ARNSHL cases, the underlying defect is thought to be neuro-epithelial 

(Steel & Bock, 1983; Brown & Steel, 1996). Hence, as part of a wide array of investigations 

designed to detect auditory aberrations in human carriers of the condition, OAE measurements 

may be considered a particularly suitable clinical tool, because of their ability to reveal sub- 

clinical hair-cell damage in the cochlea in a non-invasive way. Preliminary studies of TEOAE 

and DPOAE in mice (Huang et al, 1995; 1996) and human carriers of deafness genes (Lina- 

Granade et al., 1995; Liu & Newton, 1997; Hood, 1998; Morell et al., 1998) provide 

increasing evidence of the power of this technique.

In this study, several aspects of the OAE response were examined: the overall 

TEOAE, the spectral range and frequency specific response. The level and reproducibility of 

the TEOAE were compared in ears of the obligate and possible carriers and the respective 

control groups. These two measures were found to be highly correlated in all the groups, 

implying that in the majority of individuals, an abnormality on one measure would be expected 

to be associated with an abnormality on the other. Two obligate carriers and three UASIBs 

emerged as having an overall OAE abnormality (defined as either level and/or reproducibility 

below the minimum levels found in ears of age-appropriate controls). The abnormality was 

attributed to genetic causes through careful exclusion of acquired causes. In both obligate 

carriers and two of the three UASIBs with an overall OAE abnormality, this finding was also 

associated with an abnormally narrow spectral range (< 1 bandwidth). Thus, the specificity of 

the OAE abnormalities that were found was enhanced by examination of the spectral range as 

well.

Analysis of the frequency-specific OAE revealed that all the obligate and possible 

carriers with an overall OAE abnormality had absent OAE at 1 kHz in at least one ear. Three 

additional obligate carriers also had a 1 kHz abnormality in one ear. None of these 

abnormalities were observed in the control groups. This brings the total of obligate carriers 

with OAE abnormality to 5 (22%), and that of the UASIBs to 3 (25%). The proportion of
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subjects with abnormal OAE exceeds the estimated 5% with abnormal or absent OAE, 

emerging from larger studies of normal hearing subjects (Kemp et al., 1986; Norton & Neely; 

1987). The finding of abnormal OAE at 1 and/or 2 kHz was specific to the experimental 

groups. This finding is particularly striking since, as shown in Figure 3.12, and consistent with 

previous reports (Probst et al., 1991; Moulin et al., 1993), in normal ears, both the level and 

the reproducibility of the OAE response is maximal at these frequencies. This frequency 

region in the cochlea has already been shown to be particularly susceptible to subtle genetic 

changes, as illustrated for example by the finding of mid-frequency Bekesy dips in presumed 

ARNSHL carriers (Anderson & Wedenberg, 1968), or abnormal HTLs in the mid-frequencies 

(see section 3.2.1). As OAE originate in the cochlea, the observed abnormalities may be seen 

as providing further evidence of an underlying cochlear damage in carriers of ARNSHL, and 

establish the sensitivity of OAE measurements for revealing sub-clinical changes in cochlear 

function.

In normal hearing subjects, there is a decrease in the percentage of ears with responses 

with increasing frequency, from over 95% at 1 kHz to around 50% at 5 kHz (Kemp, 1978; 

Robinette, 1992; Moulin et al., 1993). This was also found in our groups. From a clinical point 

of view, this implies that a finding of an overall OAE abnormality resulting from absent high- 

frequency OAE, such as has been identified in the male obligate carriers from families 4 and 6 

(Figure 3.14), lacks the specificity required for a reliable differentiation of the controls from 

carriers. Such a pattern of OAE abnormality has been found, for example, in normal hearing 

subjects exposed to noise (Reshef et al., 1993). By contrast, OAE patterns of abnormality such 

as the 3 kHz absence in the female obligate carrier from family 6 (Figure 3.14), or the high- 

frequency response in the UASIB from this family (Figure 3.21), were considered more 

distinct. However, as these examples illustrate, the patterns of abnormality of the OAE were 

not pedigree specific.

All three UASIBs in whom an OAE abnormality was found were >16 years of age. 

This may be an indication that at least in some families, the onset of sub-clinical cochlear 

deficits is delayed and not present at birth. It may also be speculated that because the 

magnitude of the OAE response is largest in young children (Norton & Widen, 1990), in 

whom the incidence and level of spontaneous emissions is greater (Bums et al., 1992), any
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subtle changes caused by their carrier state may not become apparent till they reach 

adolescence.

The allelic heterogeneity which may be found in parent pairs who are unrelated may 

lead to discordant phenotypic findings. Nonetheless, four of the five carriers with the 

abnormality were parent pairs from two families. This concordance in OAE findings serves to 

increase the value of OAE investigations as phenotypic descriptors in some ARNSHL 

families.

The OAE studies in an extended family (family 6, Figure 3.23) revealed abnormal 

TEOAE and/or DPOAE in three of the five siblings of the male obligate carrier (n2), each of 

whom has a 50% risk of carrying the mutation. These findings fit with the expected Mendelian 

ratio, and show that in some ARNSHL families, OAE deficits may be consistent with the 

carrier state.

In conclusion, the OAE findings in this study establish the sensitivity of OAE 

measurements in unveiling sub-clinical cochlear changes. In most ears with abnormality, the 

OAE response at 1 kHz was absent. The specificity of this abnormality was reinforced by the 

fact that it was not encountered in any of the control subjects of this study, and that at this 

frequency region, the OAE response is strongest in normal hearing listeners. There was 

concordance in the OAE findings of parent pairs. Furthermore, OAE abnormalities were found 

to segregate in the expected Mendelian ration in the extended relatives of family 6. These latter 

findings strongly imply that in a sub-set of ARNSHL families, OAE abnormalities are found, 

which are associated with the carrier state, although it is not known yet whether they are also 

associated with a particular gene defect.

3.2.5. Balance and vestibular function tests in the carriers

In the obligate and possible carriers, the clinical evaluation of balance was based on the neuro- 

otological examination and information contained in the clinical history questionnaire. The 

abnormalities are summarised in Table 3.22. The clinical history was found to be 

unremarkable except in one of the 24 obligate carriers (a 27-year-old female from family 3), 

who had a mildly delayed sitting age, which was considered insignificant in the absence of any 

other indication of balance hypofunction. Three further obligate carriers had a history of 

episodic vertigo, with onset of two years or less, but in all three, the symptom was attributed to
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acquired causes (road traffic accident, anti-depressants and migraine respectively). Six 

obligate carriers failed the tandem walk with eyes closed but in four, acquired causes were 

identified, that could account for the abnormality. In the remaining two, no acquired causes 

were identified. However, in the absence of any other balance and/or vestibular deficits, it 

would not be reasonable to attach a great deal of importance to the isolated finding of a tandem 

walk abnormality, particularly since both were able to perform the gait test with eyes closed 

normally.

All fourteen UASIBs had undergone a clinical history questionnaire and examination. 

Two, a 16-year-old boy from family 2 and a 23-year-old man from family 6, had delayed 

motor milestones (Table 3.22). In the former, the slight delay was considered withing normal 

limits, since it was not associated with any further evidence of balance dysfunction (i.e.: 

clumsiness, gait abnormalities). The latter was described by his parents as clumsy, and was 

reported to experience difficulty ascending escalators and inability to ride a bike. On clinical 

examination, he was unable to do the tandem walk test. An additional UASIB, a 16-year-old 

girl from family 9, complained of vertigo that was consistent with her symptoms of migraine.

Vestibular junction: was evaluated with the caloric and ENG tests in 18/24 obligate carriers. 

Six obligate carriers did not have vestibular tests (both obligate carriers from families 3 and 8, 

and the male obligate carriers from families 2 and 9), either because no vestibular deficits were 

identified in the affected children in their families or due to time limitations.

The bithermal caloric test was found to be abnormal in 5/18 obligate carriers. They are 

listed in Table 3.23, together with the caloric abnormalities that were defined. In three, the 

caloric abnormalities that were found were consistent with symptoms of migraine (n = 2) or a 

history of head injury (male carrier from family 4). No acquired factors were identified in the 

remaining two obligate carriers. Eight of the 14 UASIBs did not have a caloric test, because of 

conductive hearing problems (n=2), congenital nystagmus (n=2), refusal to have the test (n=2), 

or equipment failure. The results were abnormal in three of the six UASIBs who had 

undergone the test (Table 3.23). In all three, there was a marked reduction of the caloric 

responses both with and without optic fixation. No acquired factors were identified.
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Table 3.22. Obligate carriers and UASIBs in whom the clinical history and examination revealed balance

deficits and/or vertigo.

Key: M = male. F = female. N = normal. M = months. Abn = abnormal. RTA = road traffic 

accident. Abnormalities attributed to genetic factors are indicated in bold.

Family Age/ Clinical history Clinical Examination Acquired

sex W age (m) Vertigo Clumsiness Gait Heel/toe Factors

Obligate carriers:

1

1

3

3

10

10

12

39M

36F

27F

30M

45F

47M

35F

N

N

15

N

N

N

N

Episodic

N

N

Episodic

N

Episodic

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

Abn

Abn

N

Abn

Abn

N

Abn

Migraine,
anti

depressants
None

None

Foot injury, 
RTA 
None

Migraine

Migraine

UASIBs:

2 16M 15 N N N N None

6 23M 21 N clumsy abn Abn None

9 16F N Episodic N N N Migraine, 
head injury

ENG abnormalities were identified in 4/18 obligate carriers. All four had gaze evoked 

nystagmus in the dark and in two, there were also smooth pursuit or VOR abnormalities, 

indicating an involvement of the central vestibular connections (Table 3.23). In three of the 

four cases the ENG abnormalities were consistent with the diagnosis of migraine. The 1° 

nystagmus in the dark in the remaining obligate carrier (30 year old male, family 7) was not 

attributed to acquired factors. The same man also had a caloric abnormality.

181



Chapter 3: Results in the obligate and possible carriers

Seven of the UASIBs did not have an ENG, and the test was abnormal in just one 

individual, who had a 2nd degree nystagmus in the dark, in addition to bilaterally reduced 

caloric responses (Table 3.23).

Table 3.23. Obligate carriers and UASIBs in whom caloric abnormalities were identified.

Key: M = male. F = female. CP = canal paresis. DP = directional preponderance. L = left. R = 

right. N = nystagmus. Abn = abnormal. VOR = vestibulo-ocular reflex. SP = smooth pursuit.

* = Denotes that the identified abnormalities were attributed to acquired factors. Vestibular 

abnormalities that were attributed to genetic factors are indicated in bold.

Family Age/ Caloric responses Electronystagmography

sex Light Dark

Obligate carriers:

1* 39M RCP 8.7% Combined l “N L+R, SP = abn L+R

pattern VOR = abn L>R_

4* 36M combined Combined no abnormality

pattern pattern

4* 33F normal Normal 1°N L, SP = abn L>R

6* 43F normal Normal 1°NL+R

7 30M combined Combined 1°NL

pattern pattern

10* 47M RDP 10.3% RDP 14% no abnormality

11 38F LDP 10% Normal no abnormality

UASIBs:

6 23M Bil No 2°N R in the dark

hypofunction enhancement

10 13M Bil Bil No abnormality

hypofunction hypofunction

11 14M Absent Absent No abnormality
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Family 1 Family 2

o»o
Family 3

Family 4

o
o

Family 5

o
Family 6

o
Family 7

O
6

*

X X

Family 8

a X

Family 9

o
Family 10

o
Family 11

a
o

Family 12

Balance deficits Vestibular deficits

Balance and vestibular deficits X = Caloric test not done

Figure 3.25. Abnormal balance and vestibular deficits in obligate and possible carriers o f each 
pedigree.
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The association between balance and vestibular deficits, in the obligate carrier group, no 

association between balance and vestibular deficits was demonstrated. In the UASEB group, 

there was an association between a walking age of 18 months and bilateral hypofunction on 

caloric testing in 1/3 UASIBs (23-year-old male from family 6). The other two UASIBs had 

marked caloric abnormalities but their balance evaluation revealed no abnormalities.

Concordance in balance/vestibular junction in carriers from  the same pedigrees: the balance 

and vestibular deficits are shown in Figure 3.25 in obligate and possible carriers from each 

pedigree. General balance was judged as normal in obligate carriers from all families. 

Vestibular tests were not available in one or both obligate carriers from four of the families (2, 

3, 8 and 9). Of the remaining eight families, discordant findings were observed in just one 

family (family 7). The parents of all three UASIBs, from three different families (families 6 10 

and 11), in whom vestibular deficits were identified and attributed to genetic factors, had 

normal balance and vestibular evaluation (Figure 3.25).

3.2.5.1. Summary and interpretation ofbaiance and vestibular findings in carriers

In the obligate carriers, the high incidence of acquired events and factors that have emerged 

from the clinical history and examination hampered the delineation ofbaiance and/or vestibular 

deficits of genetic origin. The range and prevalence of these factors, and their unpredictable 

clinical effects on individuals illustrate the difficulty in ascribing any vestibular abnormality 

that may emerge with a specific cause, even when their onset approximately coincided.

In carriers in whom balance and/or vestibular abnormalities were identified, that were 

attributed to genetic factors, their significance was difficult to evaluate because the deficits that 

emerged were mild. Two obligate carriers were found to have minor caloric abnormalities, 

with no associated vestibular symptoms.

The balance and vestibular findings in the UASIB group differed from those in the 

obligate carrier group both in incidence and severity. Three o f 12 UASIBs had balance 

and/or vestibular deficits: two had vestibular deficits, that were indicated from the caloric 

test, and in an additional UASIB, delayed milestones, clumsiness, caloric and ENG 

abnormalities were identified. The caloric abnormalities in all three UASIBs with 

vestibular deficits were marked: either bilateral hypo-function or absent responses. There 

was no association between balance and the vestibular deficits, except in one case (an
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UASIB from family 6). This dissociation may imply that the balance abnormalities (e.g.: 

clumsiness and/or delayed milestones) were not vestibular in origin, or that early-onset 

vestibular deficits that may have been present have frilly compensated.

Parent pairs from three families had entirely normal function, whilst the UASIBs in 

those families had balance and/or vestibular deficits. Furthermore, the vestibular deficits in all 

three were comparatively marked. It could be speculated that the plethora of acquired factors 

identified in the obligate carriers contributed to the inconsistency. These findings also reflect 

variability of the vestibular phenotype in some pedigrees.

In summary, the balance and vestibular findings in the obligate carriers were mild and 

non-specific, whereas in the UASIBs with abnormalities, marked deficits were found.

However, the question whether these findings were informative in defining distinct phenotypic 

profiles in the families was largely unresolved, for several reasons. First, the high prevalence 

of acquired factors in the obligate carriers. Second, the caloric test was not carried out in more 

than half of the UASIBs; third, it was evident that the expression of balance/vestibular 

phenotypes in carriers from some pedigrees is subject to variability (see section 3.6 below). 

Last, age-appropriate normative data were unavailable for the bithermal caloric test in the 

paediatric group. The combination of these factors hampered the delineation of the aetiology of 

any deficits that were found, and prevented an accurate assessment of patterns of segregation 

ofbaiance and vestibular deficits in carriers from specific pedigrees.

3.3. The sensitivity and specificity of the investigations in identifying 

ARNSHL carriers

Auditory investigations:

By convention, the clinical utility of auditory tests is judged on the basis of their sensitivity and 

specificity. In an experimental group with a known abnormality, the sensitivity of a test is 

derived from the percentage of subjects with abnormal test results: the higher the percentage of 

abnormal results, the greater the sensitivity of a test. The specificity of a test refers to the 

percentage of experimental subjects with normal (false negative) results: the lower the 

percentage of normal results, the greater the specificity of the test. Because ARNSHL is highly 

heterogeneous genetically, the sensitivity of tests in defining phenotypic aberrations in carriers
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is likely to be low, and a certain proportion are likely to emerge as phenotypically normal. 

Allelic heterogeneity may also be found in parent pairs from each family, and lead to variability 

in their respective phenotypic profiles.

The incidence of abnormalities (attributed to genetic causes), that emerged from the 

application of the various tests in the carriers and respective control groups is summarised in 

Table 3.24. The audioscan test emerged as the most sensitive test, in that it was found to be 

abnormal in 54.2% of the obligate carriers. However, there was a high incidence of audioscan 

abnormalities in control subjects, indicating that the specificity of the test was poor. By 

contrast, the sensitivity of the Bekesy test was found to be very low. It may be gleaned that the 

significance that should be attached to the dips in the hearing of carriers on either test is 

doubtful.

Table 3.24. The number (andpercentage) o f obligate carriers and unaffected siblings in whom 

abnormalities were identified on auditory tests.

Key: Ocs = obligate carriers. UASIBs = unaffected siblings. PTA = pure-tone audiogram.

ART = acoustic reflex threshold. ABR = auditory brainstem response. TEOAE = transient 

evoked otoacoustic emissions. The percentages were calculated from the number of subjects 

who had undergone each test, as outlined in the appropriate sections.

PTA Bekesy 

(0.25-8 kHz 

range)

Audioscan 

(0.25-8 kHz 

range)

ART ABR TEOAE

Controls

OCs

1 (3.3) 

6(25)

1 (3.3) 

3 (12.5)

13 (43.3) 

13 (54.2)

0

4(16.7)

0

4 (16.7)

0

5 (22.7)

Controls 0 2 (8.3) 10(41.6) 0 0 0

UASIBs 2 (16.7) 1 (12.5) 6(75) 3(25) 0 3(25)

With respect to the remaining tests, little variation was found in terms of sensitivity 

and specificity. The incidence of abnormalities on any single test was found to be relatively 

low, and did not exceed 25% (n=6) in the obligate carrier group, and 25% (n=3) in the 

UASIBs (Table 3.24).
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The clinical significance of an abnormality on a single test depends on its severity, specificity 

of the pattern of abnormalities and whether it was found to breed true within a sibship. In the 

majority of the carriers, the auditory findings that emerged were subtle and non-specific. 

Clusters of abnormalities, on one or more additional tests that may be found in some carriers 

would greatly enhance the specificity of auditory profiles, particularly if such clusters proved 

to be pedigree-specific. The distribution of abnormalities among the carriers is shown in 

Figure 3.26 in the 24 obligate carriers (top) and 12 UASIBs. The auditory function in ten of 

the obligate carriers was entirely normal. In a further nine, abnormalities were found on a 

single test and in the remaining five, abnormalities were found on two tests. In the UASIB 

group, 6/12 were entirely normal, four had an abnormality on a single test and two had an 

abnormality on two tests. No distinct clusters have emerged.

The adult controls had undergone the same audiometric test battery as the obligate 

carriers, with the exception o f the ABR test. This enabled a comparison between the 

incidence o f abnormalities on each test, and that o f clusters o f abnormalities to be made 

between the groups. In fact, with the exception of Bekesy and audioscan tests, the only 

abnormality found in the adult controls was an isolated abnormality in HTLs in one 

control subject.

The auditory aberrations identified in obligate and possible carriers are drawn in 

Figure 3.27 for each pedigree, in order to establish concordance between parent pairs, and 

whether a particular phenotypic feature, or cluster of features, breeds true within a sibship. 

There were two families (1 and 10) in whom no aberrations were found, either in the obligate 

or possible carriers. Concordance between parent pairs (defined as the finding of at least one 

common test abnormality in both parent carriers) was found in parent pairs from four families 

(families 3, 4, 6 and 12). In the remaining six families auditory aberrations were found in only 

one parent of each family.

It has also emerged from Figure 3.27 that in each of four families (families 2, 6, 8 and 

11) a common test abnormality was segregating in at least one of the carriers and one 

unaffected child. Discordance was found in only one family (family 5). In the latter family, 

absent OAE were found both in the unaffected daughter and the male obligate carrier (Table 

3.20), but in view of the magnitude of hearing impairment in the father, shown on pure-tone
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Obligate carriers (n=24)
ART & ABR (n=2)

(n=10)

UASIBs (n=12)
PTA & OAE (n=1)

OAE only (n=1)
ART & OAE (n=1)

ART only (n=2)

PTA only (n=1)

None (n=6)

Figure 3.26. Distribution of auditory aberrations in the obligate (top) and possible carriers.
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audiometry (Figure 3.4, case 3), it was not possible to determine the cause of OAE 

abnormality.

Balance and vestibular investigations:

Unlike the auditory tests, each vestibular test may provide a means of evaluating just a limited 

aspect of the complex functioning of the vestibular system, hence it is particularly important to 

base the diagnosis of vestibular deficits on results obtained from a number of tests evaluating 

different vestibular receptors. Even when an array of test results has been obtained, the 

diagnosis may be obscured by the unpredictable effect of compensation in individuals, and by 

the high prevalence of acquired vestibular deficits. For these reasons, the sensitivity and 

specificity of the balance and vestibular investigations could not be considered in the manner 

described above for the auditory investigations.
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Figure 3.27. Distribution of auditory aberrations in obligate and possible carriers of each 
pedigree.
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3.4. The integration of auditory and vestibular findings in ARNSHL 

pedigrees in relation to well established phenotypic sub-types

The audiometric profiles that emerged in the pedigrees of this study were compared with the 

well-established phenotypes of ARNSHL described by Gorlin (1995a), as follows:

Type A. The most common phenotypic sub-type of ARNSHL (Gorlin, 1995a), typified by a 

congenital onset of bilateral, symmetrical, severe or profound sensorineural hearing loss, was 

identified in the affected children from 5 pedigrees (type A, Figure 3.28). This type was 

defined on the basis of the severity of the hearing loss, the age of onset and the lack of 

progression. An additional common feature was identified in our families with this type: the 

high-frequency sloping configuration was found in all the affected subjects. In sib-pairs from 

three families with a type A audiometric profile (6, 8 and 11), the condition was associated 

with balance and/or vestibular deficits. In the remaining two families, no balance/vestibular 

deficits were identified in the affected children, although in one family (3), the caloric test was 

not carried out. Despite the apparent uniformity in the audiometric profiles of affected sibs in 

these families, there is considerable evidence that many different ARNSHL genes may be 

involved (Table 1.1, section 1.9).

Audiometric aberrations were found in at least one obligate carrier from each of the 

families, but the aberrations were not uniform: there was variation not only between families, 

but also between obligate carriers from the same family. A significant finding was that in each 

of three of the families, common auditory aberrations were identified in at least one parent and 

at least one unaffected sibling (OAE, PTA and OAE respectively in families 6, 8 and 11).

Type B. A moderate sensorineural hearing loss (Gorlin, 1995a) was identified in three of our 

families (type B, Figure 3.28), with pre-lingual onset and no progression. This type was not 

found to be associated with a specific audiometric configuration. The hearing loss was 

associated with balance and/or vestibular deficits in all 3 families, unlike the cases reviewed by 

Gorlin (1995a) with this audiometric sub-type, in whom no balance and/or vestibular deficits 

were identified. It is not known whether this phenotype is genetically heterogeneous.
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A. Congenital severe to profound hearing loss with no progression
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C. Progressive moderate to moderately-severe hearing loss
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0  auditory tests not done

Figure 3.28. Phenotypic sub-classification of the ARNSHL pedigrees.
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Of the documented phenotypes in families with mapped loci listed in Table 1.1, only one 

(DFNB10) corresponds to the type B found in our families, but without associated 

balance/vestibular deficits (Bonne-Tamir et al., 1996).

The auditory phenotypes of the carriers differed with each family: in family 1, no 

auditory aberrations were identified, but the auditory aberrations in the parent pairs in the other 

two families were found to be concordant within each pedigree: OAE abnormalities were 

identified in both obligate carriers from family 4, and PTA abnormalities in both obligate 

carriers from family 12.

The remaining five families did not conform to well established types, and were 

divided to two further sub-types as follows:

Type C. Moderate to moderately-severe progressive hearing loss was found in families 2 and 

7. Gorlin (1995a) describes an autosomal recessive progressive high-frequency sensorineural 

hearing loss, reported in 3 families, but unlike those families, the rate of progression was 

clearly slower in both our families and in addition, the U configuration was predominant. 

Comparing the two families in whom this type was delineated, some aspects of the phenotype 

in the affected children were not uniform: the severity of the hearing loss was greater in the 

affected children of family 7 than family 2, and balance/vestibular deficits were identified in 

family 7 only.

The phenotype is also different from the progressive hearing loss described by Veske 

et al., (1996), mapped to DFNB8 in Pakistani families, in whom the hearing impairment was 

post-lingual and progressed rapidly, within 4-5 years, to profound hearing impairment. These 

diverse phenotypic findings may imply that more than one gene may be responsible for 

progressive moderate sensorineural hearing loss.

Type D. Three additional families were grouped together because in all, the phenotypic 

features identified in each sib-pair were discordant (type D, Figure 3.28), although the source 

of diversity differed with the pedigree. The families may represent a common genotype, 

characterised by the variable expression of its phenotype or different genetic entities. In family 

2 (which was also classified as type C because of progression), the age of onset of the hearing 

impairment was post-lingual and its severity moderate in the older boy, whereas in the younger 

child, congenital onset of moderately-severe hearing loss was identified. Fukushima et al.,
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(1995b) argued that the age of onset may not be a valid characteristic for pooling families for 

linkage analysis, since it emerged that the age of onset in two families that were mapped to the 

DFNB2 locus (Guilford et al., 1994b; Fukushima et al., 1995a) varied from 0-16 years in the 

first and was congenital in the second. Except for one child (from family 2), the age of onset 

was uniformly pre-lingual in all the hearing-impaired children of this study.

In family 9, the hearing loss was congenital in both affected girls, however, the 

severity, symmetry and audiometric configurations differed (the elder girl had profound 

symmetrical hearing loss with an HFS configuration, whereas the younger child had 

asymmetrical, severe hearing loss, with a U configuration). In family 10, wide differences 

between the auditory and vestibular features of the affected boys were found: in the eldest son, 

profound, symmetrical hearing loss was identified, but the vestibular deficits were mild in 

comparison. In the younger affected boy, the hearing loss was moderate and asymmetrical, 

whereas the vestibular deficits were marked (absent caloric responses).

3.5. Auditory and vestibular phenotypic profiles in families with 

known mutations in the GJB2 gene

DFNBl is a common locus in ARNSHL, and one of the few genes that have been identified 

(see Table 1.1). The gene codes for a gap junction protein beta-2 (GJB2), also known as 

connexin 26. Mutations in the gene were identified as the cause of the hearing impairment in 

three of the 12 families of this study (Figure 3.29), thus enabling phenotypic-genotypic 

correlation to be made. Although around 20 different mutations of the gene have been 

identified, the 35delG mutation has been shown to be the most common by far, accounting for 

approximately 80% of mutations in the gene (Estivill et al., 1998) in many communities, 

including the UK. As shown in Figure 3.29, this mutation was identified in members of all 

three families.
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Figure 3.29. Families with mutations in the GJB2 gene.

Although all three families share a common locus, the phenotypic profiles in the 

affected children were diverse: the affected siblings from family 7 had moderately 

severe, progressive hearing loss, whereas the affected girls of family 9 had severe or 

profound hearing loss, with no progression (see Table 3.4). There was also 

discordance within families, particularly in the sib-pair from family 10: the 7-years- 

old boy had a moderate loss and no caloric responses, and his 21-year-old brother had 

profound loss but only a mild caloric abnormality. These latter findings illustrate that 

the auditory and vestibular expression of the GJB2 mutation 35delG is highly 

variable.

Findings in carriers: as shown in Figure 3.29, the 35delG mutation was found in four 

of the six obligate carriers. No auditory aberrations were identified in 3/4 with the 

mutation. The female carrier from family 7 had a HTL abnormality in one ear only, 

and the male carrier from family 9, who was not screened for the mutation, had 

pathologically elevated acoustic reflex thresholds. These findings also illustrate a 

variable phenotypic expression in heterozygote carriers with the 35delG mutation.
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CHAPTER 4: DISCUSSION

4.1. Phenotypic sub-classification of the hearing-impaired persons

Congenital hearing impairment affects approximately 1:1,000 neonates (Davis & Parving, 

1993). The hearing impairment is attributed to genetic factors in approximately one half of 

cases (Morton, 1991). As outlined in section 1.5, an audiometric profile consisting of bilateral 

sensorineural hearing loss with a high-frequency sloping configuration is commonly associated 

with both acquired and genetic causes. Therefore, in the majority of individuals, audiometric 

features would not contribute to the delineation of the cause, unless striking differences in 

severity, progression, age of onset or symmetry were found to be associated with any one 

entity. Such distinct audiometric profiles were not identified in ARNSHL cases of this study, 

confirming previous reports (Fraser, 1976; Marazita et al., 1993; Cremers, 1978; Newton, 

1985; Gorlin, 1995a) that the differentiation of acquired from genetic hearing loss on the basis 

of audiometric features alone is not possible.

Within genetic hearing impairment, delineation of the pattern of inheritance of non- 

syndromic hearing loss on the basis of the phenotype is often confounded by the similarities between 

them. For example, bilateral, symmetrical high-frequency sloping sensorineural hearing loss 

emerged as the predominant type in both ADNSHL and ARNSHL (Liu & Xu, 1994). In our study, 

the analysis of audiograms in the affected subjects also revealed that the U-shape configuration, 

which had previously been found to be exclusively associated with ADNSHL, was in fact present in 

a quarter of ears of the hearing-impaired subjects with ARNSHL. The distribution of some 

audiometric configurations found here contrast with previous reports. It may be speculated that the 

discrepancy reflects differences in the genetic make up of the populations that were studied, 

however, the possibility that at least some of our pedigrees are in fact autosomal dominant, cannot 

be ruled out. This latter possibility is discussed below with reference to the PTA findings in the 

obligate carriers. Our findings have, however, confirmed previous reports (Liu & Xu, 1994; Martini 

et al., 1996), that the flat and low-frequency rising configurations, which account for a small 

minority of ADNSHL cases, are not associated with the ARNSHL.
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One of the aims of this study was to establish whether the audiometric profiles identified in 

affected children from the families of this study, may provide a reliable basis for grouping small 

unrelated families together for linkage analysis. This would only be possible if similarities between 

sib-pairs from each pedigree emerged, that were greater than the differences. However, the 

difficulties outlined above in differentiating broader aetiological categories indicate that this 

hypothesis may not be realistic. Two of the well established ARNSHL phenotypes (Gorlin, 1995a) 

have been identified in our group of families: congenital profound non-progressive hearing loss, 

identified in 5 families (type A, Figure 3.28), and congenital moderate non-progressive hearing loss, 

identified in 3 further families (type B, Figure 3.28). These phenotypes were defined on the basis of 

the age of onset, severity and progression of the hearing impairment. From our study, it has 

emerged that type A is also always associated with a high-frequency sloping audiometric 

configuration. Type A is known to be a common phenotype in ARNSHL, and from the fact that it 

was described in many of the families with mapped loci (Table 1.1), it is also evident that the type is 

highly heterogeneous genetically. Whether type B is also genetically heterogeneous is not known. In 

our remaining families, the features that were identified did not conform to any of the categories 

described by Gorlin (1995a). With respect to categories C and D ((Figure 3.28), common 

phenotypic features were identified in affected sibs from the families in each category, that could 

provide the grounds for pooling them together. However, within each of these categories differences 

have also emerged, not only between families, but also within sib-pairs from each family. Sib-pairs 

in each family are assumed to have the same genotype, hence the phenotypic variability that was 

found in sib-pairs from the same family undermined the premise that different phenotypic profiles of 

families always corresponds to genetic sub-types in ARNSHL.

An additional difficulty was presented by the application of the traditional method of 

classifying audiograms (Parving & Newton, 1995), which was too detailed to reflect true 

physiologically relevant sub-types. For example, a difference in threshold of 5 dB at a single 

frequency altered the classification of audiometric configuration, even though such a small 

difference in threshold is well within the range of test re-test variability, and is therefore unlikely to 

reflect a physiological difference. The categories of severity of the hearing impairment also proved 

too numerous, although the main difficulty with respect to severity was the fact that no single 

classification is universally used. This leads to confusion, and confounds comparisons between 

audiological profiles of families in different studies. The recent audiometric classification
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summarised by Mazzoli et al., (1998) (see section 4.4 below) address some of these difficulties, 

although their clinical utility has not been established yet.

This study has also confirmed that severe to profound sensorineural hearing loss 

predominates in ARNSHL. In such cases, the severity of the hearing impairment prevents the 

delineation of distinct characteristics of the hearing loss. A stated hypothesis of this study is that a 

detailed study ofbaiance and vestibular function in the affected children, together with a 

comprehensive study of audio-vestibular function in the obligate and possible carriers, may lead to 

the emergence of distinct, pedigree-specific profiles, that would facilitate the phenotypic sub

classification of ARNSHL families.

Balance and vestibular deficits were found in approximately half of the hearing impaired 

children. But whereas ARNSHL is predominantly severe or profound, the associated 

balance/vestibular deficits that emerged were mostly mild and non-specific. In two hearing-impaired 

individuals, from different families (6 and 8), clumsiness and marked delay in sitting and walking 

age were found, together with caloric abnormalities. However, in family 6, the findings were 

discordant in the sib-pair, and in family 8, the caloric abnormalities were mild, whereas the 

milestone delay was marked. In many of the remaining families it was not possible to judge whether 

the findings were concordant in sib-pairs, because the caloric test, which was the most sensitive, 

was not carried out, and objective assessment of the vestibulo-ocular reflex using rotational tests, 

were not included in the investigation protocol. The results that were available clearly demonstrate 

that ARNSHL is commonly associated with balance and/or vestibular deficits, however, the 

presence of such deficits was found to be independent of the severity of the hearing impairment, and 

unpredictable. The variability in balance and vestibular function was also found in families in whom 

the auditory phenotype of the affected subjects was uniform (e.g.: type A, Figure 3.28).

The proportion of ARNSHL cases with balance/vestibular deficits is similar to those 

reported previously in acquired, syndromic and non-syndromic hearing loss (Diepeveen & Jensen, 

1968; Sandberg & Terkilden, 1965; Moller & Odkvist, 1989; Luxon, 1996). The discordance in 

balance/vestibular findings of sib-pairs, and lack of correlation with die severity of the hearing 

impairment and with ear malformations have also been observed in Pendred syndrome (Luxon, 

1996).
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In conclusion, the balance and vestibular findings suggest that in ARNSHL this evaluation 

may not match the success attained in differentiating Usher syndrome into types I and II 

(Kimberling et al., 1989; Moller & Odkvist, 1989) (see section 1.12.2). Our findings of 

balance/vestibular deficits in families with GJB2 mutations (see section 4.3 below) also illustrate 

that these deficits cannot provide a basis for differentiating myosin VDA mutations from those in the 

GJB2 gene. Nonetheless, a more detailed evaluation in individuals with the condition may promote 

understanding of the underlying biological mechanisms responsible for the involvement of the 

vestibular apparatus in some cases.

4.2. Auditory and vestibular aberrations in obligate and possible 

carriers

As outlined above, characteristic audiometric and vestibular aberrations in function may emerge in 

the carriers of ARNSHL genes, that would help to refine the phenotypic profiles of families in 

whom the affected children have an apparently uniform phenotype. In addition, any aberrations that 

may exist may provide a direct way to identify carriers in the extended families of individuals with 

hearing loss. Comparisons with the results obtained in age matched controls also provided an 

evaluation of the clinical utility of each test.

The identification of dips in the hearing of carriers on either Bekesy or audioscan did not 

prove helpful in singling out carriers from non-carriers, however, the application of the remaining 

tests proved useful. The aberrations that were identified on these tests were attributed to genetic 

factors, by virtue of their being significantly more prevalent in carriers than controls, and because in 

all these cases, environmental causes were thoroughly excluded. The UASIBs had less opportunity 

to be exposed to environmental factors, and in this group, age related changes in function do not 

play an important role. Thus, it could be speculated that aberrations detected in this group carry 

greater significance. However, we have found that the results were more variable in the children and 

adolescents than the adult carriers, probably because they found it harder to sit through the full 

batteiy of tests and dedicate their full attention to them. In all, the finding that six (50%) of the 

UASIBs were found to have abnormal results on one or more auditory tests, compared with 14 

(58.3%) of the obligate carriers was interpreted as approximately consistent with the fact that 

UASIBs cany a 67% risk of having the mutation.
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On any single auditory test, abnormalities were found in no more than a quarter of carriers. 

Moreover, 10/24 of the obligate carriers and 6/12 UASIBs who had the full auditory test battery did 

not have any auditory aberrations, and only a small proportion had abnormalities on more than one 

test. These findings show that approximately half of carriers of ARNSHL mutations are 

phenotypically normal, and the other half have subtle, sub-clinical aberrations in function. The 

aberrations that were found were non-specific, and indistinguishable from those that may be the 

result of normal variants, acquired causes, or an interaction of genetic and acquired factors. Hence, 

in isolation, none of the tests could be useful for screening normal-hearing individuals at risk of 

carrying ARNSHL mutations. Clusters of abnormalities, on more than one test, are more distinct 

than abnormalities on a single test, not least because such clusters were not identified in any of the 

adult controls.

The auditory aberrations that were identified in the carriers could contribute to phenotypic 

classification of families, only if it emerges that some of these abnormalities are pedigree-specific. 

However, given that parents of affected children might have the same locus, if not the same allele, 

the exact degree of concordance that may be expected in parent-pairs of each pedigree is not clear. 

Furthermore, the asymmetrical patterns of abnormalities that have been found even between two 

ears of individual carriers may also indicate that the variability in the phenotypic expression of 

parent pairs cannot be entirely attributed to the mutant gene. Our findings in the carriers are 

consistent with this supposition: as shown in Figure 3.27, all five obligate carriers, in whom auditory 

aberrations on more than one test were identified, were from different families, and the distinctive 

clusters that were identified were not replicated in any of their unaffected children. Similarly, all nine 

obligate carriers who had abnormality on one test only, were from different families, and the 

spouses of five of them had no abnormalities, whereas those of the remaining four obligate carriers 

were found to have abnormal findings on two auditory tests.

Since some variability in the phenotypic expression of carriers is expected, even if they are 

genetically the same, and in view of the fact that each test selected for the protocol was evaluating a 

different aspect of auditory function, one could consider the findings as concordant, if at least one 

common test abnormality is found to segregate with the carrier state of individual pedigrees. The 

application of this definition to the results in the obligate carriers yields concordant findings in 

parent-pairs from four families (FTA in family 12, ABR in family 3 and OAE in families 4 and 6). 

The UASIBs who are carriers would be expected to have the same allelic defect as at least one of
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their parents, and theoretically, this could produce a common phenotypic profile. In four families, a 

common test abnormality was observed in one parent and one unaffected child from the same 

family (ART in family 2, OAE in family 6, PTA in family 8 and OAE in family 11). It would also 

appear that auditory aberrations in carriers from some families differentiate apparently uniform 

phenotypes in the affected subjects. For example: as shown in Figure 3.28, die carriers in two of the 

families with a type A phenotype (families 5 and 6) had OAE deficits, whereas the carriers in the 

remaining three families did not. Ultimately, the contribution of these findings to the resolution of 

heterogeneity in ARNSHL can only be established in families with known genotypes (as in GJB2 

families described below).

OAE deficits were found in four families (4,5,6 and 11). Unlike the aberrations found on 

other audiometric tests, the OAE deficits were consistent with the carrier state of these families: 

excluding the male obligate carrier from family 5, who had a hearing loss as well, the OAE deficits 

were found in 5/7 obligate carriers of these families, 3/3 possible carriers and 3/5 hearing relatives 

of one extended family (family 6). This consistency was also reported by Morell et al. (1998) in 

known ARNSHL carriers. As outlined in section 1.13.5, the generation of a normal OAE response 

depended on normal OHC function. The OHCs are involved in sharp tuning and frequency 

resolution in the cochlea (Kemp, 1986). The consistency in the OAE deficits in carriers from some 

of our families may imply that the function of genes that genetic mechanisms involved in 

maintaining the normal function of the OHCs are prone to disruption in some families. The fact that 

OAE deficits were found in carriers from different families may also imply that irrespective of 

whether the same genes are involved, the biological defect causing them may be the same.

The fact that some obligate carriers have auditory aberrations suggests that although the 

expression of mutations in some genes is sub-clinical, it is semi-dominant. This observation was 

first reported with respect to OAE deficits by Morell et al. (1998) in carriers from three families 

with mutations in the GJB2 gene: one family in whom the affected subjects were homozygous for 

the 35delG mutation, a second family in whom the affected children were homozygous for the 

167delT mutation, and a third family, in whom the affected children were compound heterozygotes 

for both these mutations. The findings in our study reinforce Morell’s observation, although in the 

carriers from our families, deficits were identified on all the audiometric tests that were carried out. 

Additional findings in carriers from some families also reveal patterns of abnormality consistent 

with ADNSHL. In particular, six of the obligate carriers, from five families, were found to have
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abnormal hearing threshold levels (see section 3.2.1). The male obligate carrier from one of the 

families (family 5) had a U-shape audiometric configuration, his wife had normal hearing, and two 

of their three children had congenital profound hearing loss with a sloping configuration. A possible 

interpretation of these results may be that this is a pedigree in which a mating between a carrier for a 

dominant mutation in the father and a recessive mutation in the same locus in the mother has lead to 

profound ARNSHL in two of the childrea In the other five pedigrees in whom at least one parent 

had abnormal pure-tone thresholds, the severity of the hearing loss of the affected children varied 

from moderate to profound. In three of those families (4,7,12), the combined features of moderate 

or moderately severe hearing loss in the sib-pair and abnormal audiometric thresholds in at least one 

parent are consistent with ADNSHL. In an additional family (8), a 4 kHz notch was identified in the 

female obligate carrier. This audiometric pattern was traditionally taken to indicate noise exposure, 

but was recently observed in ADNSHL pedigrees (Oluwolf & Irwin, 1996). In two of the families 

in whom abnormal audiograms were identified in the carriers (7 and 12), the affected children had a 

U-shaped configuration. This configuration was found in a quarter of ears of the affected children, 

but as outlined in section 3.1.1, was previously reported to be specific to ADNSHL.

From these findings, it emerged that the audiometric differentiation between ARNSHL and 

ADNSHL is confounded not only by the presence of many common features in the hearing 

impairment of both conditions, but also by the fact that some of the auditory aberrations identified in 

ARNSHL carriers have been observed in ADNSHL (Liu & Xu, 1994; Oluwolf & Irwin, 1996; Liu 

& Newton, 1997). These findings imply that in some pedigrees, a distinction between autosomal 

dominant and recessive patterns of inheritance may not be possible on the basis of the audiometric 

phenotype. Given that mutations in some gene loci have been shown to produce both dominant and 

recessive non-syndromic hearing loss (Kelsell et al., 1997 amongst others), it may also be argued 

that in some families the identification of the pattern of inheritance is less informative than the 

biological effects of the mutation on normal cochlear function implies from the observed 

abnormalities.

In six of our families (families 1, 2, 7, 10, 11 and 12), the affected children were a 

brother pair, raising the possibility of X-linked inheritance. The four phenotypic subtypes of X- 

linked hearing loss described in section 1.10.2.2 in affected boys are characterised by some or 

all of the following features: mixed hearing loss, adolescent onset with progression (Livan, 

1961; Pelletier & Tanguay, 1975), vestibular dysfunction, which may be associated with
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structural abnormality of the inner ear (Reardon et al., 1993), and the occurrence of other 

anomalies, such as mental retardation (Gorlin, 1995a). Female carriers of X-linked hearing 

loss may also have a variable mixed hearing loss, more marked in the low-frequencies 

(Cremers & Huygen, 1983). The phenotypic findings in none of the families, in whom the 

affected children were a brother pair, conform to the phenotypic features found in X-linked 

hearing loss. In addition, ear malformations were not demonstrated on CT of the petrous 

temporal bone in any of the families (see section 2.1.6).

A detailed evaluation of balance and vestibular function was carried out in the carriers. 

Unfortunately the contribution of these findings to the phenotypic profile of each of the families 

could not be assessed appropriately. The reasons for this are outlined in section 3.2.5.1.

In summary, none of the audiometric characteristics that were identified in the carriers of 

this study were sufficiently distinct or specific to be used as “carrier detectors”. However, the 

concordance in some families illustrates that some tests (i.e.: PTA, OAE ART and ABR) may be 

useful in identifying normal hearing relatives of subjects with ARNSHL as potential carriers. The 

aberrations in carriers also revealed greater similarities between ARNSHL and ADNSHL than was 

reported until now. In some families, the combination of audiometric deficits in the carriers and the 

characteristics of the hearing loss in the affected children illustrate that the pattern of inheritance of 

congenital non-syndromic hearing loss cannot be resolved on the basis of pedigree analysis in every 

family.

4.2.1. The power of the study

In this study it has emerged that the proportion of carriers with auditory aberrations (14/24) 

was significantly greater that the proportion in the control subjects (1/30). This may be taken to 

indicate that the sample size was sufficient to allow firm conclusions to be drawn regarding the 

auditory phenotype of individuals who are assume to be heterozygous carriers of recessive 

genes causing hearing impairment. However, such a conclusion fails to take into account two 

important limitations: variability of the data and the effect of genetic heterogeneity on the 

sample size. The former relates to the fact that the auditory abnormalities that have been 

identified were mild and predominantly non-specific. In addition, the aberrations in some 

obligate carriers were asymmetrical, with the variation between the two ears of some 

individuals often exceeding differences between parent-pairs. The latter limitation refers to the
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fact that ARNSHL is extremely heterogeneous genetically, with the number of loci mapped so 

far being more than double the number of families that were studied. In the absence of 

genotypic data in most of the families, it was not possible to evaluate the extent to which these 

families represent the total number of ARNSHL loci that exist, and whether the phenotypic 

sub-types that were identified in this study correlate with distinct genotypes.

In view of these limitations, it is not possible to estimate the effect of ‘carrier state’ on 

auditory function from a sample based on carriers from 12 pedigrees. The exact sample size 

needed would depend not only on the variability of the data, but also the number of loci 

involved, and is likely to reach several thousand carriers.

4.3. Phenotypic-genotypic correlation in families with known GJB2 

mutations

More than 20 genes, that when mutated, cause ARNSHL, have so far been mapped (Van Camp & 

Smith, 1999), and many more are thought to exist These genes have been mapped in large, inbred 

consanguineous families, from relatively isolated communities, allowing for only the most basic 

audiometric investigations to be obtained. The paucity of detailed audiometric and vestibular data 

prevents accurate phenotypic-genotypic correlations to be made in specific pedigrees. The gene 

products of only a few of these genes have so far been identified (Van Camp & Smith, 1999). 

Among them are the myosin VHA and GJB2. The former is found in die inner and outer hair cells in 

the ear (predominantly in the former), and epithelial pigmentaiy cells of the retina and is the cause of 

Usher type IB (Weil et al., 1995), in which the deafness is also associated with vestibular 

dysfunction and retinitis pigmentosa More recently, different allelic defects in the gene have been 

shown to cause ARNSHL at the DFNB2 locus (Weil et al., 1997), and expressed as profound 

hearing loss associated with balance/vestibular deficits, but no retinal defects (Liu et al., 1997). The 

GJB2 (also known as connexin 26) has been shown to be expressed in the supporting cells of the 

organ of Corti and spiral ligament of rats (Kikuchi et al., 1995), and in the vestibular system. In 

humans, mutations in this gene were identified as the cause of dominantly inherited non-syndromic 

hearing loss in one family, and ARNSHL in three other families sharing a common locus on 13ql2 

(DFNB1 and DFNA3) (Kelsell et al., 1997).

Mutations in the GJB2 gene are a common cause of ARNSHL (Gasparini et al., 1997). 

Numerous mutations of the gene are known to exist. However, one of the known mutations,
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35delG, has been reported to account for approximately 60% of mutations in the DFNB1 locus, and 

for the majority of ARNSHL cases in Mediterranean European countries (Zelante et al., 1997; 

Denoyelle et al., 1997; Estivill et al., 1998). This discovery means that for the first time, it is possible 

to clinically screen for mutations in the GJB2 gene in sporadically affected children with non- 

syndromic sensorineural hearing loss (Lench et al., 1998).

As an adjunct to genetic screening, a detailed phenotypic-genotypic correlation in affected 

and carriers with known mutations in the GJB2 gene could contribute to selecting suitable families 

for genetic screening of this mutation, particularly if it emerged that the carriers and/or hearing- 

impaired children with these mutations have an interesting phenotype.

A genetic screen of our 12 families with ARNSHL detected the 35delG mutation in three 

of our families (families 7,9 and 12), as shown in Figure 3.29. The phenotypic profiles of the 

affected sibs were found to diversify both within and between pedigrees. Within pedigrees, the 

disparity in the audiological and vestibular profiles was greatest in the sib-pair from family 10 

(moderate hearing loss and absent caloric responses in the younger brother and profound hearing 

loss and normal vestibular function in the older). Some disparity was also found in the audiometric 

profiles of the affected girls in family 9 (severe, asymmetrical loss in one and profound, symmetrical 

loss in the other - see Table 3.4). In family 7, the affected boys had concordant audiometric results, 

but differences have been found with respect to general balance function (normal function in one 

affected boy and abnormal in the other).

The variability in the audiometric and vestibular profiles of the affected males in family 10 

in particular, illustrates clearly that at least some variability stemmed from factors that are not related 

specifically to the mutant gene. Differences were also observed between sib-pairs from each 

pedigree, but it is not known whether these reflect different allelic defects (Figure 3.29). The 

audiometric characteristics identified in the affected subjects ranged from progressive hearing loss 

(family 7) to non-progressive, moderate hearing loss to profound, symmetrical to asymmetrical, and 

with the full range of audiometric configurations. In fact, pre-lingual onset of the hearing impairment 

emerged as the only common audiometric feature in all the affected, however, as shown in Table 

3.4, this feature is not specific only to families with mutations in the GJB2 gene, or even ARNSHL. 

Phenotypic-genotypic correlations in families with GJB2 gene mutations have so far focused on the 

audiometric aspects, however, the fact that connexin 26 is widely expressed in supporting cells
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throughout the inner ear (Kikuchi et al., 1994; 1995) suggests that mutations in the GJB2 gene may 

also lead to vestibular deficits. Our findings in the families shown in Figure 3.29 confirm this 

premise. The balance and vestibular phenotype was also variable, ranging from normal balance and 

vestibular function to clumsiness and absent caloric responses. Nonetheless, these findings indicate 

the importance of undertaking a detailed balance and vestibular evaluation in ARNSHL families.

The variability in the auditoiy profiles of ARNSHL cases with GJB2 gene mutations 

described here is consistent with previous reports (Kelsell et al., 1997; Morell et al., 1998) although 

in the latter study, the paper did not make the distinction between the severity of the hearing loss and 

specific mutations. These studies confirm our observation in affected children who are either 

homozygous or compound heterozygotes for the 35delG mutation, that mutations in the GJB2 gene 

are not associated with a distinct, uniform and reproducible audiometric phenotype.

More distinct and reproducible phenotypic findings were reported by Morell et al (1998) in 

die heterozygote carriers in their families. They have found abnormally low levels of DPOAE in all 

10 known carriers of either the 35delG or 167delT mutations in the GJB2 gene, irrespective of the 

allelic type. However, our findings in the heterozygote carriers challenge those of Morell et al 

(1998). Within the families with mutations in the GJB2 gene shown in Figure 3.29, were five 

known heterozygote carriers for the 35delG mutation, none of whom had abnormal OAE: 4/5 had 

an entirely normal audiometric profile and the fifth, the female obligate carrier from family 7, had 

abnormal HTLs. This latter abnormality was also identified in carriers from five other families (see 

section 3.2.1), in whom mutations in the GJB2 gene, which code for connexin 26, have been 

excluded. Moreover, OAE abnormalities were identified in this study in presumed carriers from 

four families, in whom mutations coding for connexin 26 have also been excluded. These findings 

illustrate that the audiological phenotype in heterozygote carriers of mutations in the GJB2 gene are 

subject to variability similar to that found in affected individuals.

Based on the OAE findings in obligate carriers of their families, Morell et al., (1998) 

have also stated, that the phenotypic expression of mutations in the GJB2 gene in carriers may 

be semi-dominant. Whilst the auditory aberrations detected in the 24 obligate carriers of our 

study also reveal sub-clinical aberrations which may be viewed as semi-dominant, in contrast 

to that study, no OAE deficits were found in any of our carriers with mutations in the GJB2
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genes. Moreover, the semi-dominant expression was not exclusively associated with mutations 

in this gene.

In conclusion, the application of the auditory and vestibular evaluation (see Figure 

1.11) in the families has lead to a greater distinction between the phenotypic profiles of 

different families, than was possible from the phenotype of the affected children alone. The 

clinical significance and contribution of these profiles to the resolution of heterogeneity in 

ARNSHL can only be established once the genes in all the families have been mapped. In the 

families with known loci, the phenotypic-genotypic correlation revealed characteristic 

aberrations, that may not at this stage ameliorate the screening of normal hearing individuals in 

the population and those with sporadic hearing impairment with no associated symptoms. An 

exploration in the future, to determine whether each deficit in auditory function is linked to a 

specific underlying biological defect may lead to better understanding of cause and effect in 

genetic hearing loss.

4.4. Towards establishing a standardized audio-vestibular 

investigation protocol

The literature review revealed that widely disparate methods are used by different researchers to 

describe and sub-classify genetic hearing impairment, and particularly the severity and the 

audiometric configuration. This disparity frustrates any attempts to analyse meaningfully the 

audiograms of subjects with genetic hearing impairment, compare the results from different studies 

and interrupts the progress in phenotypic studies of genetic hearing impairment. Therefore, the case 

for using a uniform method of audiometric classification cannot be over-stated. One stated objective 

of the European Working Group on Genetics of Hearing Impairment (acronym HEAR), that was 

co-ordinated since 1995 by Professor Martini, was to establish common terminology and 

definitions, that would be used to classify families on the basis of characteristics of die hearing 

impairment, vestibular function and other phenotypic criteria (Mazzoli et al., 1998). Clinical 

phenotypic studies in the future should establish the value of these proposals.

This study has highlighted the importance of undertaking a detailed balance and vestibular 

evaluation in every hearing-impaired child. Of the tests used to evaluate vestibular function in the 

hearing-impaired subjects, the contribution of the ENG test battery was confined to ruling out
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central vestibular pathology in subjects with caloric abnormalities. The caloric test emerged as the 

most sensitive vestibular test, however, because its evaluation has a subjective component, it is 

important to confirm any deficits shown on the caloric tests by objective tests of the vestibulo-ocular 

reflex (sinusoidal and constant velocity rotation tests).

The application of the investigation protocol to the carriers revealed considerable limitations 

of the Bekesy and audioscan sweep audiometiy tests. The small proportion of carriers with Bekesy 

dips showed that the sensitivity of the test was too low. By contrast, the incidence of audioscan dips 

was very high both in the controls and carriers, and show that the test lacks specificity. Both tests 

were previously shown to be effective in detecting carriers of ARNSHL or Usher syndrome 

(Anderson & Wedenberg, 1968; Meredith et al., 1992), however, in this study of ARNSHL 

carriers, the results suggest that both tests had little value in differentiating carriers from non- 

carriers. Therefore, their inclusion in an investigation protocol designed to detect asymptomatic 

carriers of deafness genes from their audiometric profiles must be seriously questioned.

In view of the limitations of sweep audiometiy tests, the possibility of attaining high- 

resolution auditory threshold evaluation in carriers using pure-tone audiometiy should be 

considered Incorporating into the standard six octave pure-tone audiogram a threshold evaluation at 

half octave frequencies (1.5,3 and 6 kHz) could attain this objective in a more reliable way than 

was possible with sweep audiometiy tests.

The ART and ABR tests are well-established tests in clinical neuro-otology, and in this 

study, abnormalities were found in a small proportion of the carriers on both tests. The ART 

abnormalities were non-specific, but from the application of the ABR test, a specific pattern of 

abnormality of the earlier components of the ABR was identified in all the carriers in whom the test 

was abnormal. Moreover, in two carriers, both tests were abnormal. The question whether in 

carriers with abnormal ART or ABR response, these are correlated with a specific genetic defect, 

would only be resolved once the mutant genes are identified in these families.

From this study and others (Liu & Newton, 1997; Hood, 1998; Morell et al., 1998) OAE 

measurements have emerged as the most important tool for revealing sub-clinical changes in 

auditory function in carriers of mutant genes causing deafiiess. The sensitivity of the test compared 

well with other tests (see section 3.3). In addition, a common and specific feature, consisting of 

absent OAE at 1 kHz, was identified in all the carriers in whom OAE were abnormal. This specific
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feature was not reported previously. Using DPOAE, unusual variations in the level of the response 

with frequency were also observed by Morell et al., (1998) in carriers of the GJB2 gene. Further 

studies are needed to consolidate these findings in families with known loci, and elucidate the 

relationship between specific loci/mutations and patterns of abnormality of transient and/or 

distortion product OAE.

4.5. Future research

The study was initially designed with the intent to target predominantly large consanguineous 

families, in whom linkage analysis could be carried out. The identification and study of such 

families (as the family illustrated in Figure 2.4) during the project would have enabled us to 

evaluate whether the phenotypic profiles that have been described in the pedigrees correlate 

with specific loci. As highlighted above (4.2.1), in a study such as this, where the genotype of 

most of the families was not known, obtaining a sample size large enough to yield sufficient 

power was not a realistic objective. Thus, further progress, in establishing the value of the 

findings reported here, and evaluating whether the phenotypic profiles of specific pedigrees 

reflect distinct genotypes, would be best attained by studying families with known loci.

As more of the genes causing ARNSHL are mapped and identified, it may be possible 

to screen families with hereditary hearing impairment for specific gene defects and correlate 

them with the phenotype. Such genetic screening is currently available for mutations in the 

GJB2 gene, the most common cause of ARNSHL. However, recent studies indicate that the 

auditory and vestibular characteristics associated with mutations in this gene are highly 

variable. Notwithstanding this, some gene defects may prove to be associated with more 

reproducible phenotypic characteristics, that would allow more accurate risk estimations to be 

made in specific families, and improve our understanding of the role of specific genes in 

maintaining normal biological processes within the cochlea.
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Appendices

Appendix I

PATIENT INFORMATION

HEARING TEST RESULTS IN  FAMILIES WITH 

GENETIC HEARING IMPAIRMENT

The aim of the study:

The aim is to compare hearing test results of normal hearing children, with those of apparently 

normal hearing children in families in which genetic hearing loss has been found in some 

members.

Why is the study being done?

Like many other characteristics, there are many variations between people, and we need to 

establish the normal range of children between 4 and 8 years old, using modem techniques.

How is the study being done?

Your child will have three hearing tests, each lasting between 15-25 minutes. The first is a 

standard hearing test, carried out by placing headphones on the ears and asking your child to 

press a button in response to various quiet tones. In the second and third tests, your child will 

not be required to do anything, except to sit fairly still, and in particular not to move the head 

too much. A small foam or rubber probe will be inserted to each ear, and your child will hear 

various sounds. During one of the tests, he/she will also experience a brief change of pressure 

in the ear, like that experienced in a train going through a tunnel.

The tests will be carried out at school, in a quiet room. Prior to testing, the ears will be 

inspected with an earlight. Your child will not be tested if there is any hint that they might have 

a cold or wax in the ears. Otherwise the hearing tests will be done. If your child is restless, 

short or long intervals will be given as necessary.

Are there risks and discomforts?
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There are no known risks to the child. In some cases there is a slight discomfort from sealing 

the ears with the rubber probes.

Who will have access to the test results?

Only the researchers and a representative of the Research Ethics Committee will have access 

to the data collected during this study, and your child will not be identifiable in any publication.

What are the potential benefits?

The study is of no benefit to the normal hearing school children who would like to participate. 

However, if an unsuspected hearing abnormality is discovered in the course of testing, an 

appropriate referral may be initiated, if the parents wish it, and the family practitioner is 

agreeable.

Do I have to take part in the study?

Participation in this study is entirely voluntary. You may decide, either now, or at a later stage, 

that you do not wish to participate in this research project, and if you do initially agree, you 

may withdraw your child at any point without giving a reason.

Who do I speak to if problems arise?

If you have any problems about the way in which this research project has been, or is being 

conducted, please, in the first instance, discuss them with the researcher. If the problems are 

not resolved, or you wish to comment in any other way, please contact the chairman of the 

Research Ethics Committee, by post via the Research and Development Office, Institute of 

Child Health, 30 Guilford Street, London WC1N 1EH, or if urgent, by telephone on 0171 242 

9789 ex 2620, and the Committee administration will put you in contact with him.
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Details of how to contact the researcher:

Mrs M. Cohen

Institute of Laryngology and Otology 

330-332 Gray’s Inn Road 

London WC1X 8EE 

Tel: 0171 915 1590

233



Appendix II

QUESTIONNAIRE TO PARENT OR GUARDIAN:

Child name...........................................Date of Birth.......................................

Male/Female (delete as appropriate).

1. Does your child have any hearing difficulties?...............................................

2. Did your child have any hearing problems in the past?.

3. Has your child ever had a head injury (i.e.: a fall or an accident), for which he/she was 

examined in hospital? Please give details of how and when.............................................

4. Did your child have a serious childhood illness such as meningitis or tuberculosis?

5. Did your child have: a. Mumps..........................Yes/no

b. Measles....................... Yes/no

c. Chicken pox................. Yes/no

d. Rubella......................... yes/no

6. Does your child ever complain of hearing noises in the ears or the head (tinnitus)?
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7. Was your child ever exposed to very loud noises (listening to loud music, or through playing 

a musical instrument, being close to loud machinery or gunfire noise etc.), for several hours or 

more?.......................................................................................................

7. Are/were there any hearing impaired relatives in your family? (If you do not know, please 

give details; If yes, please give any details about how your child is related to the hearing 

impaired persons; i.e.: grandparent, cousin etc., and any details you may have about the 

hearing impairment...........................................................................................

Does your child have any balance problems, or suffers from dizziness?.

9. Did your child walk and talk at the right age? If not, give details
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Dips on Bekesy or Audioscan Fail to Identify Carriers of Autosomal Recessive 
Non-Syndromic Hearing Loss

M. COHEN,1 M. FRANCIS,2 L. M. LUXON,1 S. BELLMAN,3 R. COFFEY and M. PEMBREY2
From the 1Academic Division o f  Audiological Medicine, Institute o f  Laryngology and Otology, UCL M edical School,
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Cohen M , Francis M , Luxon LM , Bellman S, Coffey R, Pembrey ME. Dips on Bekesy or audioscan fa i l  to identify carriers 
o f  autosomal recessive non-syndromic hearing loss. Acta Otolaryngol (Stockh) 1996; 116: 521-527.

Bekesy and audioscan sweep audiometry tests were carried out in 24 presumed obligate carriers of autosomal recessive 
non-syndromic hearing loss and 30 sex and age appropriate controls, with a view to  defining the most expedient criteria 
for dips on either test in respect o f possible carrier detection. On Bekesy, dips with a minimum depth of 22.5 dB generated 
the greatest difference between carriers and non-carriers, while on audioscan, the criterion o f a minimum dip depth o f 15 
dB provided the best discriminant. Using these criteria, the prevalence of dips was also evaluated in 8 unaffected siblings 
and 24 age appropriate control subjects. The findings both in the adult and the paediatric groups do not support the 
hypothesis that the presence of dips, either on Bekesy or audioscan, is linked to the carrier state in ARNSHL. K ey words: 
A R N SH L, genetic hearing impairment, sweep audiometry, notches.

INTRODUCTION
Using Bekesy sweep audiometry, Anderson & We- 
denberg (1) were the first to suggest that carriers of 
autosomal recessive non-syndromic hearing loss 
(ARNSHL) genes are more likely to have dips in the 
hearing thresholds than the normal population. How
ever, other authors (2, 3) have been unable to repro
duce these results, either in autosomal recessive or 
other genetic conditions, and the value of Bekesy dips 
in the identification of carriers of ARNSHL remains 
unresolved.

Historically, Bekesy sweep audiometry has been the 
only available method of determining hearing 
thresholds at frequencies between octaves. The audi
tory thresholds are derived from the mean of the 
zig-zag excursions, resulting from the simultaneous 
change of both intensity and frequency. This may 
lead to errors in measurements of dips, since their 
margins are poorly defined. Moreover, changes in 
thresholds which occur over a narrow bandwidth 
may be missed altogether.

The audioscan sweep audiometry test, which was 
first described in 1990 (4), employs a technique de
signed to attain greater accuracy in defining dips than 
the Bekesy technique, by sweeping of a test tone 
across the frequencies at fixed intensities. Thus, the 
detection of dips of narrow bandwidth, with clearly 
defined margins, is achieved. The greater sensitivity of 
the audioscan over the Bekesy method in the detec
tion of dips was indeed supported in a study of four 
large pedigrees of Usher type II (5).

However, the reliability of this technique has been 
called into question. First, the test takes longer than 
Bekesy, even when the hearing is normal. Second, the

test tone is presented only in ascending order of 
intensity, such that throughout the test it is perceived 
at threshold, and third, the pitch of the test tone is 
difficult to predict, unlike the Bekesy, where the test 
tone is predictable. These aspects of the audioscan 
test combine to produce a difficult psychoacoustic 
task, which may strain the ability of the average 
listener to concentrate, and lead to unreliable results.

In the present study, Bekesy and audioscan sweep 
audiometry tests were carried out and the results 
compared in the same subjects: carriers of ARNSHL, 
an age and sex matched control group, the unaffected 
siblings and a group of paediatric controls, to estab
lish: i) Criteria for the depth and peak frequency of 
dips on Bekesy and audioscan that would provide the 
best differentiation of the controls from the carriers, 
assuming that carriers as a group do have an in
creased frequency of dips; ii) To assess the value of 
Bekesy and/or audioscan in the detection of carriers 
of ARNSHL.

MATERIAL AND METHODS
Subjects

Obligate carriers: were 24 normal hearing parents 
(age range 26 to 55 years, mean 39.3 ±  7.4) in 12 
pedigrees, where at least two of the children, of either 
sex, had a moderate, severe or profound hearing 
impairment in the better hearing ear. None of the 
parents complained of hearing difficulties, but two 
were found to have a hearing impairment. One had 
bilateral notches around 4 kHz, compatible with a 
history of noise exposure, and the other had a bilat
eral symmetrical mild impairment, with a U-shaped

©  1996 Scandinavian University Press. ISSN 0001-6489
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Fig. I. Scatter plots o f  depth o f  Bekesy dips found in the 
adult controls (top) and obligate carriers and their fre
quency.

configuration, tha t is com m only associated with ge
netic conditions (6).

Adult controls: consisted o f 30 (15 male and 15 
female) naive, norm al hearing listeners, with a mean 
age o f 37.9 (± 7 .2 )  and range o f  26 to 54 years. 
Tw enty-four o f these were sex and  age (to  within ±  1 
year) m atched.

Unaffected siblings: were 14 unaffected children 
w ithin the 12 pedigrees. Six were unable to com plete 
the tests, due to young age (n =  3), m iddle ear disease 
(n = 2) or in one case, learning difficulties. The ages 
o f the rem aining 8 children (5 males and 3 females) 
ranged from  7 to 18 years (m ean 13.4 ±  3.5).

Paediatric controls: were 24 norm al hearing school 
children (12 males and 12 females). All were neuro- 
otologically norm al. Their age ranged from  9 to 17 
years (m ean 11.1 ± 2 .2 ) .

All subjects underw ent a clinical exam ination, 
which consisted o f otoscopy, relevant history (pre, 
peri and  post- natal history, childhood diseases, de
velopm ental m ilestones, family history  o f hearing im
pairm ent) and otological exam ination  (R inne, W eber, 
gait tests and exam ination o f visually and vestibularly 
induced ocular m ovem ents). C on tro l subjects were 
screened for family h istory o f hearing im pairm ent, 
ototoxicity , recurrent ear disease in childhood, noise 
exposure, head injury associated w ith loss o f con

sciousness, and vestibular problem s. In addition , vol
unteers were rejected if they had evidence o f 
conductive pathology as judged by otoscopic exam i
nation , air and bone conduction audiom etry  and 
tym panom etry. It was no t appropria te  to exclude 
anyone in the experim ental group, nonetheless a care
ful history, as outlined above, was taken. Carriers 
and unaffected siblings who were found to  have con
ductive pathology were no t tested until it resolved.

The following investigations were carried  out:
Pure-tone audiom etry: The adults were tested using 

a G SI 16 clinical audiom eter. The children up to 16 
years o f age were tested using a G SI 10 audiom eter 
and the standard  British Society o f A udiology tech
nique.

Tympanometry: W as carried ou t w ith a GSI 33 
Im pedance M eter. T ym panom etry  was judged norm al 
if com pliance was between 0 .3 -1 .5  a rb itra ry  units 
and the peak pressure was not lower than  — 50 daPa 
in adults and —150 daP a in children.

Bekesy sweep audiometry test: was obtained using 
the GSI 10 diagnostic audiom eter w ith a Bekesy 
attachm ent. The stim ulus was a pulsed tone (200/200 
ms on/off), presented to the ears th rough T D H  49 
headphones, sweeping from  0.25 to  8 kH z at a speed 
o f 1 m inute per octave, and attenuation  rate o f 2.5 dB 
per second. A pproxim ately 70 frequencies were tested 
at each octave. Bekesy dips exceeding a m ean depth 
o f 15 dB (o f  drop  and recovery) were repeated, in the 
frequency bandw idth o f the dip.

Audioscan test: was carried ou t using the Essilor 
audioscan. The stim ulus was a pulsed tone (2.5 
pulses/s), presented initially 5 dB below the best 
audiom etric threshold recorded on the audiogram . 
Traces between 0.25 and 8 kH z were obtained, with a 
resolution o f 64 frequencies per octave, tested at a 
rate o f 30 s per octave. U pon com pletion o f the full 
sweep, the tone is autom atically  increased in 5 dB 
steps and at each level, sweeping takes place at those 
frequencies at which no response was previously ob 
tained, until a response is obtained at all frequencies. 
A udioscan dips exceeding a mean d rop  and recovery 
o f 12.5 dB were repeated in the area o f the dip.

In order to avoid ear bias, ha lf the subjects had 
their left ear tested first, and the o ther ha lf had the 
right ear tested first. Bekesy was carried out before 
the audioscan in ha lf the subjects, and  after the 
audioscan in the rest. Am ple time was given between 
tests to recover concentration.

R ESU LTS

Bekesy test
The first and m ost widely used criteria for Bekesy 
dips were defined by A nderson & W edenberg (1) and
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Table I. The number o f carriers and controls with 
Bekesy dips using various depth criteria

Criteria Number of Number of
- controls carriers

Mean depth with dips with dips
(dB) (%) (%)

A 12.5 17 (56.7) 14 (58.3)
B 15.0 13 (43.3) 12 (50.0)
C 17.5 11 (36.7) 7 (29.2)
D 20.0 5 (16.7) 5 (20.8)
E 22.5 1 (3.3) 3 (12.5)

consisted of a minimum depth of 20 dB, up to 3 kHz. 
In order to examine if these two aspects of the criteria 
are linked, a scatter plot of all Bekesy dips with a 
minimum mean depth of 12.5 dB of the drop and 
recovery, was plotted in relation to their frequency 
and shown in Fig. 1. A minimum value of 10 dB was 
required both for the drop and the recovery of dips 
and the application of this criterion yielded a total of 
29 dips in the adult controls and 21 dips in the 
obligate carriers.

The scatter plots do not reveal any correlation 
between the two parameters. There is a high preva
lence of dips in both groups, with the majority occur
ring at frequencies greater than 3 kHz (65% and 86% 
respectively in the controls and carriers). The differ
ence between the depth of dips in the carriers and the 
controls, and their mean frequency, was not signifi
cant (p > 0.05, means r-test).

The effect o f different depth criteria for dips: 
ARNSHL is a genetically heterogeneous condition. 
Phenotypic findings, such as the presence of dips in 
the hearing, may be associated with just one locus 
and/or type of mutation. Therefore, even if we as
sume that dips are indicators of the carrier status, it

Table II. The number o f controls and carriers with 
Bekesy dips up to 3 kHz, based on the criteria o f 
Table I

Number of 
controls

Number of 
carriers

With With With With
dips at dips at dips at dips at
0.25-8 kHz 0.25-3 kHz 0.25-8 kHz 0.25-3 kHz

B 13 4 (13.3%) 12 2 (8.3%)
C 11 3 (10.0%) 7 1 (4.2%)
D 5 1 (3.3%) 5 0
E 1 0 3 0

Table III. The number of carriers and controls with 
audioscan dips using various depth criteria

Criteria
- Number of Number of

Mean depth controls carriers
(db) (%) (%)

A 12.5 18 (60.0) 13 (54.2)
B 15.0 13 (43.3) 13 (54.2)
C 17.5 9 (30.0) 6 (25.0)
D 20.0 9 (30.0) 4 (16.7)
E 22.5 5 (16.7) 2 (8.3)

is unclear in what percentage of carriers they may be 
found. The situation is further complicated by the 
fact that from genetic and epidemiological studies it is 
estimated that 1 in 8 (12.5%) of the normal popula
tion may carry a recessive gene for hearing impair
ment (7). Based on this premise, a criterion for a dip 
that yields up to 12.5% in control subjects could be 
valid.

Table I shows the number of obligate carriers and 
controls with dips on Bekesy in the 0.25-8 kHz range 
using different depth criteria. Dips consistent with the 
minimum criterion of 12.5 dB (criterion A) were 
found in 17/30 (56.7%) control subjects and 14/24 
(58.3%) obligate carriers. The dips were either unilat
eral or bilateral, with some subjects having two dips 
in one or both ears. Anderson & Wedenberg’s crite
rion (D), consisting of a minimum depth of 20 dB, 
yields 5 carriers with dips and 5 controls with dips in 
our groups. The strictest criteria for a dip (a mini
mum depth of 22.5 dB—criterion E) gave one con
trol subject and 3 carriers with dips.

Since not all the carriers have dips, the finding of 
3.3% of controls with dips, resulting from the applica
tion of criterion E, is not at odds with the expected 
proportion of carriers in the normal population. 
However, the number of obligate carriers with these 
dips was only marginally higher than the controls. It 
is not possible to effectively separate the carriers of 
ARNSHL from the rest of the subjects using any of 
the five criteria, the data shown in Table I suggesting 
that the finding of dips on Bekesy is nonspecific and 
cannot be reliably associated with the carrier state.

In an attempt to replicate the results of other 
authors, who up till now considered dips up to 3 kHz 
(1, 2, 5, 8, 9), the number of subjects with Bekesy 
dips up to 3 kHz only was compared in the two 
groups (Table II). The exclusion of high frequency 
Bekesy dips left either very few or no controls or 
carriers with dips, and did not improve discrimina
tion between them.
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Table IV. The number o f  controls and carriers with 
audio sc an dips up to 3 k H z , based on the criteria o f  
Table II I
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Fig. 2. Scatter plots o f  depth o f  audioscan dips found in 
the adult controls (top) and the obligate carriers and their 
frequency.

Bekesy dips in the unaffected siblings: Since dis
crim ination on the basis o f dips might be clearer at a 
younger age, Bekesy dips were analyzed in the un
affected siblings using criterion E, the m ost expedient 
criterion for Bekesy dips to emerge from  the results o f 
the obligate carriers. The unaffected siblings have a 
67% chance o f inheriting the m utation, and based on 
this premise, the num ber o f those with dips should be 
tw o-thirds the percentage of obligate carriers with 
dips. Two o f the 24 (8.3%) paediatric contro l subjects 
and 1/8 (12.5%) unaffected siblings were found to 
have dips.

All the Bekesy dips resulting from  the application 
o f criteria E to the paediatric groups were greater 
than 3 kHz. This was also true for Bekesy dips 
consistent with criteria E in the adults. Since children 
are less at risk o f being affected by exogenous factors, 
these results indicate that the high frequency dips 
found on Bekesy m ay have an early age onset, and 
may be developm ental.

The application o f criterion D o f A nderson & 
W edenberg to the paediatric groups yields dips in 4 
(17%) controls, and 1 unaffected sibling.

Audioscan test
As with the Bekesy test, the minim um  depth that was 
defined as a dip was a m ean o f 12.5 dB o f the drop

N um ber of 
controls

N u m b er  of 
carriers

With With With With
dips at dips at dips at dips at
0 .2 5 -8  kHz 0 .2 5 -3  kHz 0 .2 5 -8  kHz 0 .2 5 -3  kHz

B 13 6 (20.0%) 13 6 (25.0%)
C 9 5 (16.6%) 6 2 (8.3%)
D 9 5 (16.6%) 4 1 (4.2%)
E 5 1 (3.3%) 2 1 (4.2%)

and recovery, with neither m easure being less than 10 
dB. The scatter plot o f the depth o f  dips versus 
frequency in Fig. 2 shows that there is no correlation 
between depth and frequency on this test. Thirty-tw o 
audioscan dips were found in the control group and 
23 in the obligate carriers. As shown in Fig. 2, the 
frequency o f dips in the control group is evenly 
distributed below and above 3 kHz, whilst in the 
obligate carriers, dips above 3 kH z are m arginally 
m ore prevalent. However, there was no difference on 
the means t- test between the depth o f dips or their 
frequency in the control and the carrier groups.

The num bers o f carriers and control subjects with 
audioscan dips in the 0 .2 5 -8  kH z range were com 
pared using various depth criteria. As shown in Table 
III, the application o f a m inim um  criterion (A) of 
12.5 dB does not discrim inate effectively between 
18/30 (60%) control subjects and 13/24 (54.2%) carri
ers.

O f the various criteria that were applied to the data  
(Table III), only dips with a m inim um  depth of 15 dB 
(criterion B), were found in a m arginally higher pre- 
centage o f carriers than controls. This finding is the 
same as the m inim um  depth o f audioscan dips 
defined by M eredith (10) and Stephens et al. (8). 
However, the percentage o f control subjects with dips 
is far higher than expected from  the predicted per
centage o f carriers o f recessive genes in the norm al 
population , and was no t significantly higher than in 
the carrier group.

In an attem pt to improve the application of the 
various depth criteria on audioscan, the num bers of 
obligate carriers and controls with dips up to 3 kHz 
only were com pared (Table IV). The exclusion of 
high frequency audioscan dips did not enhance the 
application o f any o f the criteria that were consid
ered.

Based on these results, an au tom atic  exclusion of 
high frequency dips is not justified on either test,



Acta Otolaryngol (Stockh) 116 Dips in carriers o f  A R N S H L  525

4 0

CO
~ 0  3 0

Q .

b  20

S "  10Q

Paediatric Controls 
■ ■

■ fl
■

■ I B  Q i l  1 B

.------- 1------- <_ ). - . . .  L. _ ............

Frequency (kHz)

Unaffected Siblings
T 3  j u

□ 20

0 ) 10

Frequency (kHz)

Fig. 3. Scatter plots o f  depth o f  audioscan dips versus 
frequency in the unaffected children (top) and paediatric 
control subjects.

although it may be judged appropriate in individual 
cases, where the clinical history indicates a risk of 
acquired damage.

Audioscan dips in the unaffected siblings: o f the 24 
paediatric control subjects, 10 (41.6%) had audioscan 
dips with a minimum depth o f 15 dB (criterion B). 
This figure is similar to the 40% of adult control 
subjects with dips. O f the 8 unaffected siblings, 6 
(75%) had audioscan dips, com pared with 58.3% in 
the obligate carriers.

Fig. 3 shows the scatter o f the depth o f audioscan 
dips found in the paediatric controls and the un
affected siblings, in relation to their frequency. In ter
estingly, 91.3% of the total num ber of audioscan dips 
found in these two groups were less or equal to 3 
kHz. C om paring these results with the audioscan dips 
in the adults, the children not only have far fewer 
high frequency dips, but some have dips at 1 kH z or 
lower, whereas all the audioscan dips found in the 
adults were at higher frequencies than 1 kHz. The 
audioscan results in the children are also in m arked 
contrast to the Bekesy dips in the paediatric groups, 
all o f which occurred at high frequencies.

Agreement between tests: Agreement between tests 
was judged positive when i) dips were present both on 
Bekesy and audioscan in the same individuals, and ii)

the peak frequencies of the dips were within ± 0 .5  
octaves o f each other.

There were m ore individuals with dips on au 
dioscan than Bekesy (see Tables I and III), both in 
the adults and paediatric groups. The m ost likely 
explanation for the difference in prevalence between 
the tests is the different depth criteria that were 
adopted in this study. As shown in Table I and III, a 
m inimum depth criterion o f 15 dB for both tests 
yields very similar num bers of control subjects and 
carriers with dips.

Three of the 4 adults and all three children who 
had dips on Bekesy, also had dips on audioscan. 
Clearly, the converse cannot be inferred. In only 2 of 
the 4 adults were the dips judged the same in term s of 
frequency. In the paediatric groups there was no 
agreement between tests in peak frequency o f the 
dips, since the frequency o f dips on Bekesy were in all 
cases greater than 3 kHz and on audioscan less than 
3 kH z in the same children.

Dip bandwidth: The necessity to define a m inim um  
bandw idth for Bekesy dips, as proposed by A nderson 
& W edenberg (1), is questioned. It is possible that 
such a limit was imposed in order to ensure that there 
is a sufficient num ber o f excursions at the margins 
and peak, for dips to be determ ined confidently. 
However, for this very reason, Bekesy dips are fre
quently wider than one octave. In our data, o f the 10 
adult subjects (5 carriers and 5 control) with Bekesy 
dips > 2 0  dB, the bandw idth was greater than  1 
octave in all but one carrier.

By contrast, defining a maximum bandw idth for 
dips is useful because beyond a certain limit, a hear
ing loss is too wide to be called a dip. In this study, 
an upper limit o f 1.5 octaves was applied, and all the 
dips on Bekesy and audioscan fulfilled this criterion.

W ith respect to the audioscan technique, one o f its 
main advantages over the Bekesy is that it enables 
dips of very narrow  bandw idth to be detected. There
fore, the im position o f a minimum bandw idth may be 
limiting. As with Bekesy, a m aximum limit o f 1.5 
octaves helped to separate dips from other types of 
hearing loss. The m ajority of audioscan dips (74%) 
were equal to or less than 1 octave wide, whereas the 
m ajority of dips on Bekesy were half an octave wider.

Repeatability: Allowing for errors in m easurem ent, 
a dip on either Bekesy or audioscan was considered 
repeatable provided it occurred at the same fre
quency, and its depth did not exceed ± 5  dB differ
ence from the first, on either drop or recovery, or if 
the depth was consistent with the minimum criterion 
for this test.

Repeat testing was carried out on three of the four 
adults and all three o f the children with dips on 
Bekesy. All were repeatable.



526 M. Cohen et al. Acta Otolaryngol (Stockh) 116

Repeat audioscan test was carried out on 21 adults, 
who had a total of 36 dips. Twenty-six (72.2%) were 
repeatable. The audioscan test was also repeated in 
15 children (either controls or unaffected siblings), 
who had a total of 22 dips. Thirteen (59%) of the dips 
in the children were repeatable.

Repeatability of dips on audioscan was better in 
the obligate carriers than in the controls (81.2 and 
65% respectively). The difference in repeatability of 
audioscan dips between the unaffected sibling and 
paediatric controls was even greater: 88.8% and 40%, 
respectively.

Pedigrees with profound loss and dips: It could be 
speculated that where homozygosity causes a pro
found loss, heterozygosity may be associated with a 
greater frequency or severity of auditory aberrations 
than in the carriers of the less severely affected 
families. Based on this premise, 5 pedigrees (10 obli
gate carriers) in whom the affected children’s hearing 
loss was classified as profound, were studied, to eval
uate whether a greater proportion of these het
erozygotes have dips than the group as a whole.

The analysis revealed only 1/10 carriers with a 
significant dip on Bekesy (criterion E), and 5/10 
(50%) with dips on audioscan (criterion B). Compar
ing these figures with the percentage of all the carriers 
with dips on Bekesy (Table I) and audioscan (Table 
III) does not support the hypothesis that the severity 
of hearing loss in the affected children increases the 
probability of dips in their parents.

Similarly, no increase in the prevalence of dips was 
found in the 4 unaffected siblings of the above 
families, when compared with the group as a whole. 
One of 4 had a dip on Bekesy, and 3/4 had a dip on 
audioscan.

DISCUSSION
On Bekesy audiometry, a dip of a minimum mean 
depth of 22.5 dB was identified as providing the best 
differentiation between the control group and the 
carriers of ARNSHL. This criterion is marginally 
deeper than the minimum 20 dB depth put forward 
by Anderson & Wedenberg (1), and the slight dis
crepancy may arise from the imprecise nature of 
threshold measurements of Bekesy tracings.

With respect to the audioscan test, the best crite
rion for a dip to emerge was a minimum depth of 15 
dB. This is in agreement with previous studies (9,10), 
as is our figure of 54.2% obligate carriers of ARN
SHL with dips on audioscan (8). By contrast, the 
percentage of control subjects with audioscan dips 
found in this study far exceeds the percentages of 
around 14%, published previously (5, 9) and is a little 
higher than the 36% of controls with dips reported by

Stephens et al. (8) in the same frequency range that 
was used in our study (0.25-8 kHz). The high preva
lence of control subjects with dips reported here may 
be explained by the selection, in this study, of naive 
listeners, who were unrelated to the carriers, whereas 
among the controls in the study by Stephens et al. 
(8), were spouses of the hearing impaired patients 
and members of staff, who could be experienced 
listeners and highly motivated. This hypothesis is 
supported by the discrepancy between the high repro
ducibility of audioscan dips on repeat testing shown 
among the members of the families where ARNSHL 
was identified, compared to poor reproducibility of 
audioscan dips in the adults and children in the 
control groups. Based on our results, the significance 
that can be attached to the finding of dips on au
dioscan is undermined.

In this study, dips up to 8 kHz were initially 
considered in the evaluation of the most appropriate 
criteria. The exclusion of dips >3 kHz, on the 
grounds that they might be produced by exogenous 
factors, did not improve the application of any of the 
criteria either on Bekesy or audioscan, probably be
cause the majority of the dips found in the adult 
population occurred at high frequencies. By contrast, 
91.3% of dips found in the paediatric groups were 
below or equal to 3 kHz. Genetic and acquired 
factors may influence these trends. A genetic predis
position underlying the acquisition of high frequency 
dips later on in life is a possible explanation. The 
higher percentage of high frequency dips in the obli
gate carriers compared with the adult controls may 
also be explained by the fact that control subjects 
who were exposed to exogenous factors were ex
cluded from the study, but obligate carriers were not.

Most of the subjects who were found to have dips 
on Bekesy also had dips on audioscan, both in the 
adult and paediatric groups. This finding may ini
tially be interpreted as an indication that where an 
audioscan is available, the Bekesy test is superfluous. 
However, dips on audioscan are less repeatable, 
and this fact, coupled with the high prevalence of 
audioscan dips in the normal population, combine 
to seriously question the contribution of this test to 
an audiological test battery designed to define the 
auditory function of carriers of mutations causing 
ARNSHL.

More dips were found using the audioscan test 
than with Bekesy. The data presented in Tables I and 
III point to the differences in depth criteria adopted 
in this study for each test as one of the main reasons 
to account for this. As shown in Tables I and III, the 
application of a minimum depth of 15 dB yields 
virtually identical numbers of controls and carriers 
with dips on both tests. These results do not indicate
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greater sensitivity of the audioscan method. More
over, the relatively poor repeatability of this tech
nique, and the lack of agreement between the tests 
may well be a consequence of the difficulty in per
forming the audioscan test, leading to false positive 
results.

Finally, the findings of this study do not demon
strate a convincing link between the carrier state in 
ARNSHL and dips, either on Bekesy or audioscan. 
The number of Bekesy dips in the obligate carriers 
was too small for any clinical utility. On the other 
hand, the prevalence of audioscan dips in the normal 
population was too great, and repeatability of the test 
too poor, to be useful as a clinical test. Severity of 
hearing loss in the homozygotes was also shown to be 
irrelevant to the incidence of dips in the het
erozygotes. Although the finding of dips has emerged 
as an unreliable indicator of the carrier status, it may 
gain significance when combined with other auditory 
measures, such as otoacoustic emissions, or when 
studied in pedigrees where there is a consanguineous 
marriage, where a greater concordance in the pheno
typic findings of family members is expected.
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Cohen M, Francis M, Coffey R, Pembrey ME, Luxon LM. Abnormal audiograms and elevated acoustic reflex thresholds in 
obligate carriers o f  autosomal recessive non-syndromic hearing loss. Acta Otolaryngol (Stockh) 1997; 117: 337-342.

Pure-tone audiograms and acoustic reflex thresholds were obtained in 24 presumed obligate carriers of autosomal recessive 
non-syndromic hearing loss and 30 sex and age appropriate control subjects, with a view to evaluating the prevalence of 
abnormalities on these tests in the two groups, and a possible link between the findings on the two tests, which may help 
to localize threshold deficits and/or abnormal configurations to different sections of the reflex arc. Six (25%) of the carriers 
and one control subject had abnormal audiograms, inferred to be of genetic aetiology through careful exclusion of 
environmental risk factors. Four additional carriers had acoustic reflex threshold abnormalities. None of the carriers had 
an abnormality on both tests. The audiometric configurations and acoustic reflex patterns of abnormality were diverse, 
and may be a reflection of the genetic heterogeneity in ARNSHL. Key words: acoustic reflex threshold, audiometric 
configuration, genetic hearing loss, hearing threshold levels, heterozygous carriers, pure-tone audiogram.

INTRODUCTION
Autosomal recessive non-syndromic hearing loss 
(ARNSHL) is the commonest form of genetic hear
ing impairment. As such, the identification of a char
acteristic audiological profile in a subset of 
heterozygous carriers could have important clinical/ 
genetic application. There has been rapid advance in 
mapping ARNSHL, with 10 loci (all on different 
chromosomes) already reported (1), but there has 
been little progress in defining any associated audio- 
logical phenotypes in heterozygotes. There are several 
potential problems: (i) The audiological changes, if 
present, are likely to be subtle, making discrimination 
from controls difficult, (ii) Audiological changes, if 
present, are likely to be found with only some muta
tions at some gene loci, (iii) To date, the various loci 
have been mapped in inbred families/populations, 
where control-matched audiological profiling is 
difficult to achieve.

Most researchers have chosen to assess auditory 
threshold function in carriers from unmapped 
families using high resolution sweep audiometry, such 
as Bekesy or audioscan tests, with some reporting the 
presence of dips in the hearing, that were not detected 
by pure-tone audiometry, in a significant proportion 
of carriers compared with control subjects (2-4). 
However, these findings have not been replicated in 
all studies (5, 6).

Regardless of whether they are linked to carrier 
status, dips imply a reduction in hair cells, or neural 
damage that is spatially specific to the dip frequency. 
However, it is not unreasonable to assume that some 
mutations in heterozygotes for ARNSHL may give 
rise to mild but widespread damage, involving several

frequencies, which may be apparent on standard oc
tave audiometry. Animal studies on mice ho
mozygous for the deafness mutation revealed 
widespread degeneration of all cell types within the 
organ of Corti and the spiral ganglion (7, 8), al
though in this case auditory thresholds in het
erozygotes, evaluated using auditory brainstem 
responses, appeared normal (9).

To date, there are no reports of abnormal pure- 
tone audiometry in the heterozygote carriers of 
ARNSHL. This is partly explained by the fact that 
the various definitions of a normal audiogram are 
aimed at quantifying the degree of disability that may 
be expected from various degrees of hearing impair
ment, and are therefore derived from averaging hear
ing threshold levels (HTLs) across frequencies (10, 
11). With respect to the heterozygote carriers of 
ARNSHL, the application of such “normal hearing” 
criteria is inappropriate, in that it is likely to obscure 
subtle changes in the hearing thresholds at specific 
frequencies, or audiometric configurations which may 
be important diagnostically.

Most of the research on auditory aberrations in the 
heterozygotes of ARNSHL has concentrated on func
tions either at or near the auditory thresholds. How
ever, Anderson and Wedenberg (2) have also 
reported that suprathreshold functions, assessed us
ing acoustic reflex threshold (ART) measurements, 
were abnormal, and in a greater proportion of ARN
SHL carriers than dips on Bekesy (62% and 17% 
respectively).

The aim of this study is to evaluate frequency-spe
cific hearing threshold levels of ARNSHL carriers in 
comparison with sex-matched and age-matched con

©  1997 Scandinavian University Press. ISSN 0001-6489
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trols. Individual HTLs at specific frequencies are 
compared to the appropriate epidemiological data to 
identify auditory deficits and/or characteristic audio
metric configurations. ARTs are also examined in the 
same subjects to see if the high percentage of carriers 
with abnormal ART reported by Anderson and We- 
denberg (2) is replicated in our population of carriers. 
A possible link between the two tests was evaluated, 
that may contribute to the emergence of distinctive 
audiometric profiles in the carrier group.

MATERIALS AND METHODS
Subjects
Obligate Carriers: These were 24 clinically normal 
hearing parents (age range 26 to 55 years, mean 
39.3 + 7.4) in 12 pedigrees, where at least 2 of the 
children, of either sex, had a moderate, severe or 
profound hearing impairment in the better hearing 
ear. In only one family was there a consanguineous 
marriage.

Controls: These consisted of 30 (15 male and 15 
female) naive, normal hearing listeners, (age range 26 
to 54 years, mean 37.9 ± 7.2), 24 of whom were sex 
and age-matched to the carriers to within ± 1 year.

All subjects had an otological examination consisting 
of otoscopy, Rinne, Weber and gait tests, and an 
examination of ocular movements including sponta
neous nystagmus, saccades, smooth pursuit, optoki
netic and positional nystagmus. All subjects had 
normal otoscopy at the time of testing and none 
complained of hearing difficulties. A detailed clinical 
prenatal, perinatal and postnatal history was taken 
from the obligate carriers, with a view to identifying 
non-genetic factors which may have affected auditory 
function. The control subjects were screened based on 
a more limited clinical history questionnaire, which, 
in addition to hearing difficulties, included family 
history of hearing impairment, ototoxicity, recurrent 
ear disease in childhood, noise exposure, tinnitus, 
dysmorphic features and head injury associated with 
loss of consciousness. Vestibular problems and/or 
migraine were recorded but were not part of the 
exclusion criteria.

The following investigations were carried out:

Pure-tone audiometry (PTA) was carried out at 0.25,
0.5, 1, 2, 4 and 8 kHz using a GSI 16 diagnostic 
audiometer. Thresholds were obtained manually in 
steps of 5 dB, using the modified Hughson-Westlake 
procedure recommended by the British Society of 
Audiology (12). The thresholds of the two ears were 
judged as asymmetrical if a difference > 15 dB on at

least two frequencies, or >20 dB on a single fre
quency, was present. These criteria of asymmetry are 
greater than the test re-test variability in thresholds 
accounted for by errors in the procedure of obtaining 
the PTA in steps of 5 dB and consistency of listener 
response.

Tympanometry was used to evaluate middle ear func
tion together with the otoscopic examination, and air 
and bone conduction audiometry. A GSI 33 oto-ad- 
mittance meter was used. In adults, a normal range of 
middle ear pressure of — 50 to 50 daPa, and compli
ance of 0.3-1.5 arbitrary units was applied.

Acoustic Reflex Thresholds: Ipsilateral and contralat
eral ARTs were obtained using a GSI 33 oto-admit- 
tance meter at 0.5, 1, 2 and 4 kHz in 5 dB steps up to 
a maximum output of 110 dB HL at 0.5 and 1 kHz, 
105 dB at 2 kHz and 100 dB at 4 kHz ipsilaterally. 
and contralaterally up to 120 dB HL at 0.5, 1 and 2 
kHz and 115 dB at 4 kHz. For cochlear hearing loss 
up to 60 dB, ART upper limits not exceeding 105 dB 
HL at up to two adjacent frequencies and/or an 
interaural difference not exceeding 10 dB at no more 
than two adjacent frequencies were considered nor
mal (13). Abnormal ARTs were classified into pat
terns, which helped to localize the pathology to 
different sections of the reflex arc: an output pattern is 
defined as an ART abnormality ipsilaterally and con
tralaterally to the probe, indicating a pathology on 
the efferent section of the reflex arc; a vertical pattern 
is defined as an ART abnormality on stimulating one 
side, and is commonly associated with eighth nerve 
pathology; a horizontal pattern is characterized by 
abnormality of the contralateral ARTs bilaterally, 
and normal ipsilateral ARTs, and is usually associ
ated with intrinsic midline brainstem lesions; an in
verted “L  ” pattern is a combination of the horizontal 
and vertical patterns, and may be found with large 
extrinsic lesions compressing the brainstem, or asym
metrical intrinsic lesions (13).

RESULTS 
Pure-tone audiometry
The mean thresholds at octave frequencies of 22 
obligate carriers and 30 controls is shown in Table I. 
Two hearing-impaired obligate carriers were excluded 
from the analysis: one, because a history of occupa
tional noise exposure and bilateral dips at 4 kHz were 
judged to be consistent with an acquired hearing loss 
induced by noise. The other, whose hearing impair
ment was presumed to be genetic in origin, was 
excluded because the magnitude of the impairment 
was significantly worse than that of the other carriers,
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Table I. Comparison o f  group means o f pure-tone 
thresholds at each test frequency. SD =  standard devi
ation. * =  Significant difference (p <  0.05)

Frequency
(kHz)

Controls 
(w = 30)

Obligate carriers 
(n =  22)

Means (dB) 
+  SD

Means (dB) 
+ SD p values

Left ear
0.25 4.3 + 5.0 6.6 + 5.0 <0.13
0.5 2.3 + 4.9 4.5 ± 5.8 <0.15
1.0 1.0+ 3.8 4.3 + 6.6 <0.04*
2.0 0.7 + 5.0 2.3 + 7.7 <0.40
4.0 4.7 + 9.0 9.3+ 9.3 <0.08
8.0 9.8 ±8.5 17.7 ± 17.8 <0.06
Right ear
0.25 4.3 + 3.4 6.8 + 5.5 <0.07
0.5 2.7 ±4.3 4.3 + 5.2 <0.23
1.0 1.7 + 4.0 4.5+ 5.3 <0.04*
2.0 0.2+ 4.5 2.0 + 5.7 <0.21
4.0 3.2+ 6.1 8.9+10.0 <0.02*
8.0 6.7 + 5.6 16.1 + 16.0 <0.01*

such that, if included in the analysis, it might have 
masked subclinical trends in the group as a whole.

The comparison of the means shows that the hear
ing thresholds of the obligate carriers are worse than 
those of the controls at all test frequencies. The 
difference is significant (p  < 0.05) at 1 kHz in both 
ears and at 4 and 8 kHz on the right.

Age effects: Comparison of the mean thresholds at 
octave frequencies of the 22 obligate carriers included 
in the analysis and 22 of the controls who were 
matched in age and sex showed that the obligate 
carriers had significantly (p < 0.05) worse hearing 
thresholds at 4 and 8 kHz.

Gender effects: In both groups, men were found to 
have worse hearing than women. In the controls, 
men’s hearing was significantly worse than women’s 
at 4 and 8 kHz (p < 0.05). In the carrier group, men’s 
hearing was worse than women’s at 0.25 and 4 kHz 
(p  < 0.05). These results are consistent with those 
based on the National Study of Hearing in the 
United Kingdom (14), reporting small difference in 
the mean thresholds of males and females, indepen
dent of any noise exposure.

Females in the control group have also been found 
to have better hearing than female carriers at 1, 4 and 
8 kHz (p  < 0.05), and male carriers had worse hear
ing than males in the control group at all frequencies 
except 2 kHz (p  < 0.05).

Individual audiograms of the carriers and control 
subjects were compared with the 90th percentile

HTLs at octave frequencies of otologically normal 
(with respect to conductive pathology and material 
noise exposure) population of the National Study of 
Hearing (15) in the appropriate age bands. The HTLs 
in 8 of the 24 obligate carriers exceeded the 90th 
percentile levels on at least one octave frequency, of 
at least one ear. Their audiograms are displayed in 
Fig. 1 (cases 1-8). All the control subjects had HTLs 
within the 90th percentile, but in one subject there 
was an ear asymmetry (Fig. 1, case 9).

All the obligate carriers were free from conductive 
pathology. In four of the eight carriers whose audio
grams are displayed in Fig. 1, potentially damaging 
environmental factors were identified. Noise exposure 
was classified (16) in cases 1 and 3 as material gunfire 
noise (>  100 rifle rounds or equivalent), and in case 4 
as material occupational noise [>90 dB(A) for 5 
years]. Case 2 had been treated for tuberculosis. The 
audiograms of cases 1 and 2 were entirely compatible 
with a clinical diagnosis of noise, and a combination 
of age and ototoxic drugs respectively, although in 
the latter case a genetic predisposition to presbyacusis 
could not be ruled out. The hearing impairment in 
the remaining six carriers (cases 3-8) was attributed 
to genetic causes, either because no acquired factors 
were identified (cases 5-8), or, when they were (cases 
3, 4), they were not likely to cause the audiometric 
configuration that emerged (Fig. 1).

Of the nine audiograms in Fig. 1, six were unilater
ally abnormal, and five (cases 3, 6-9) were also 
classified as asymmetrical. An asymmetry of 20 dB at 
4 kHz found in case 3 may be explained by the 
history of noise exposure. Although none of the 
audiograms of the control subjects failed the 90th 
percentile criterion in the appropriate age bands, a
41-year-old female control subject had a 20 dB 
threshold asymmetry at 4 kHz, practically identical to 
that of case 6, with no known environmental cause 
(case 9).

There was no uniformity in the audiometric 
configurations that were inferred to be genetic. They 
can be broadly classified into a U shape (case 3), flat 
(cases 4, 5), 4 kHz dip (case 6) and high frequency 
slope (cases 7, 8).

Acoustic reflex thresholds
Comparison of the mean ARTs of the two groups at 
different activator frequencies is given in Table II. 
The ARTs of all the carriers were included in this 
analysis, since cochlear pathology not exceeding 60 
dB at any activator frequency does not affect the 
ART levels (17). Absent contralateral ARTs were 
assigned a value that was 5 dB greater than the 
maximum output of the impedance meter at the 
activator frequency. As with the PTA, the mean
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Fig. 1. Abnormal audiograms identified in the car
riers and controls. Cases 1-2: where acquired fac
tors account for the hearing loss: in case 1, a history 
of exposure to material gunfire noise and a head 
injury with loss of consciousness for 30 min, and in 
case 2, a combination of age and ototoxic antibi
otics for the treatment of tuberculosis. Cases 3-8: 
The audiograms of carriers whose hearing loss is 
inferred to be genetic, although material gunfire 
noise, and occupational noise exposure, were re
spectively recorded in cases 3 and 4. Case 9: The 
audiogram of a control subject with no known 
acquired cause.
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ARTs were a little worse in the carriers than in the 
control group at all frequencies, and with respect to 
both tests, the small differences in the group results 
may, in part, be due to a small bias introduced by the 
awareness at the time of testing as to whether each 
subject was a control or carrier. No obvious ART 
pattern emerged from those frequencies where the 
difference was significant. In three of the four mea
surements that were recorded (two crossed and two 
uncrossed), the ART levels at 2 kHz were signifi
cantly higher in the carriers than in the controls, 
whereas the HTLs at this frequency were not signifi
cantly different in the controls and carriers.

Individual ARTs were judged to be within normal 
limits in all the controls, based on the criteria used in 
this study (13), but pathologically elevated in four of 
the obligate carriers, two of whom also had abnormal 
HTLs, inferred to be acquired (cases 1, 2, Fig. 1). In 
case 1, the ARTs were abnormal when the stimulus 
was presented to the recording side (an output abnor
mality), and, in case 2, two contralateral and one 
ipsilateral responses were elevated (an inverted “L” 
pattern). The remaining carriers whose audiograms 
are displayed in Fig. 1 had normal ARTs. ART 
abnormalities were found in two other carriers, of an 
output pattern in one, and both ipsilateral and con-
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Table II. Comparing group means o f contralateral and 
ipsilateral ARTs at each activator frequency. Rec =  
recording. Freq. =  frequency. C =  contralateral. I  =  
ipsilateral. SD =  standard deviation. * =  Significant 
difference (p <  0.05)

Rec side Freq.

Controls 
(n = 30)

Obligate carriers 
(n =  24)

Means (dB) 
±SD

Means (dB) 
+ SD p values

Left ear stimulation
C 0.5 91.2 + 8.1 94.8+10.1 <0.16
C 1.0 87.5 + 6.7 93.3 + 10.2 <0.02*
c 2.0 88.0 + 6.6 95.2+11.4 <0.01*
c 4.0 92.7 ± 8.8 100.6 ±13.7 <0.02*

I 0.5 82.8 + 6.1 84.4 + 6.8 <0.39
I 1.0 82.3 + 6.3 85.2 + 8.4 <0.17
I 2.0 84.5 + 7.1 88.1 + 10.4 <0.15
I 4.0 92.5 + 14.2 90.8 ± 11.5 <0.77
Right ear stimulation
C 0.5 91.2 + 7.7 91.9 + 8.7 <0.76
C 1.0 87.2 + 5.7 89.2 + 8.4 <0.09
c 2.0 88.0 + 5.4 92.3 + 7.7 <0.03*
c 4.0 92.8 ± 10.4 97.7 ± 12.2 <0.09
I 0.5 82.8 + 6.1 85.4 + 8.1 <0.20
I 1.0 81.2 ±6.3 85.8 + 9.7 <0.05*
I 2.0 84.5 + 7.1 89.8 + 10.5 <0.04*
I 4.0 89.0 ± 13.1 91.7 + 10.1 <0.10

tralateral ART on stimulating the right ear in the 
other.

DISCUSSION
Abnormal audiograms, attributed to genetic causes, 
were identified in 6/24 (25%) of the obligate carriers 
of our study. This is contrary to the widely held 
assumption that obligate carriers of ARNSHL have 
normal hearing. The auditory thresholds in all these 
cases exceeded the 90th percentile HTLs of otologi- 
cally normal adults (15). The hearing loss was in
ferred to be genetic through careful exclusion of 
exogenous risk factors affecting the hearing, at pre
natal, perinatal and postnatal stages, based on a 
detailed clinical history.

The pure-tone abnormalities were slight in all but 
one case. Of the various audiometric configurations 
that were identified, it is likely that only those affect
ing the middle frequencies (cases 3-5) may be recog
nized as distinctly associated with genetic aetiology. 
With regard to the remaining audiometric configura
tions (cases 6-8), a genetic component would be 
difficult to isolate from the plethora of acquired

conditions known to affect the high frequencies, par
ticularly in a clinical context, when a genetic aetiol
ogy is not suspected. Nonetheless, in this group of 
known carriers, this relatively high prevalence of PTA 
abnormalities is striking.

All the control subjects had HTLs within the 90th 
percentile limit in the appropriate age bands, but in 
one, an ear asymmetry was identified (case 9). The 
cause is unknown, but attributing this to heterozygos
ity for ARNSHL mutation would be consistent with 
the estimation that one in eight of the general popula
tion is a carrier for ARNSHL (18), combined with 
the prediction, emerging from our findings in the 
carrier group, that 25% of carriers will have a PTA 
abnormality. However, the application of 90th per
centile levels excludes by definition 1 in 10 as out- 
lyers, and should add three further controls with 
abnormal HTLs. The fact that only one control sub
ject had a PTA abnormality may be explained by the 
stringent exclusion criteria used when selecting con
trol subjects for this study, compared with that of 
Davis (15), particularly the family history of genetic 
hearing impairment.

Even if it is accepted that the abnormal audio
grams are the result of the carrier state for ARNSHL, 
a uniform audiological profile would not be expected, 
because of genetic heterogeneity. The causative muta
tion can be at one of many different gene loci, the 
altered function of which may have differing qualita
tive or quantitative effects on audiological function. 
Variations between two carrier parents in the same 
family could, in part, be due to the fact that they 
carry different mutations, although it should be noted 
that there is also variation between two ears of the 
same individual. Nevertheless, it is possible that mu
tations at some loci never cause abnormalities in the 
heterozygotes, whilst others often do, and any such 
information in the future could be useful in focusing 
DNA diagnostic tests in affected individuals seen in 
audiological practice. The U shape audiometric 
configuration of case 3 is frequently encountered in 
autosomal dominant hearing impairment (19) and is 
an unusual finding in carriers of ARNSHL. It can be 
speculated that a mild dominant mutation at an 
identical locus to a recessive mutation in the spouse 
can interact to produce severe or profound ARNSHL 
in the children. In this pedigree there were 3 children, 
of whom 2 (a boy and a girl) had profound hearing 
impairment.

ART abnormalities were found in only 4 (17%) of 
24 carriers, compared with 62% of 60 genetic carriers 
found by Anderson and Wedenberg (2). The dis
crepancy between the two studies may reflect differ
ences in methodology for obtaining the ART, and/or 
in the genetic make-up of the populations of Great



342 M. Cohen et al. Acta Otolaryngol (Stockh) 117

Britain and Sweden. The ART patterns of abnormal
ity were not uniform, and in each case indicate a 
pathology at a different section of the reflex arc, from 
peripheral to central. All six carriers with a genetic 
abnormality of the PTA had normal ART. Only with 
further studies on families with mutations at different 
but known ARNSHL loci can one explore whether 
ART and PTA abnormalities are associated with 
different genetic subsets of ARNSHL.
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