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In the last 2 decades, the relative incidence of acquired versus congenital

hearing impairment has changed. The acquired types of hearing impairment

have diminished, while the congenital and inherited types of hearing impairment

have begun to comprise a growing proportion of all childhood hearing

impairment. Almost all children in the United States now receive immunizations

that include Haemophilus influenzae type B (HIB) and measles-mumps-rubella

(MMR) vaccines so that hearing loss from bacterial and viral infection is less

common now than it was years ago. Federal and state laws that mandate use of

infant car seats and seat belts along with some state laws that require children

on bicycles to use helmets have helped to diminish the likelihood that a child will

sustain severe trauma to the temporal bone resulting in hearing loss. Careful

monitoring of peak and trough levels in infants receiving potentially ototoxic

medications has helped to diminish hearing loss from ototoxicity. The acquired

causes of hearing loss are diminishing, and the incidence of hereditary hearing

impairment (HHI) is either remaining stable or increasing (Fig. 1) . Until

recently, only genes responsible for syndromic HHI were known. In the last 5

years, however, many genes that contribute to nonsyndromic HHI have been

identified[81] as of March 1999, at least 53 loci have been identified for

nonsyndromic HHI.[75] Today, our understanding of the molecular biology of the

auditory system continues to grow as scientists identify HHI genes and their

roles in hearing. The otolaryngologist should have a basic understanding of HHI

and the molecular biology of the auditory system in order to employ new

methods for diagnosis, treatment, and prevention of sensorineural hearing loss.

              Figure 1. The relative components of hearing impairment in childhood.

              Currently, approximately 25% of hearing impairment is congenital; half of

              congenital hearing impairment is hereditary. Two thirds of hereditary

              hearing impairment is nonsyndromic; the remaining third is syndromic. In

              the future, the relative incidence of congenital hearing impairment is expected

to increase.

The role of the otolaryngologist in the evaluation of the hearing impaired will

become increasingly important in the future. Currently, each year in the United

States, approximately 24,000 infants are born with hearing impairment while

only about 400 per year are diagnosed at birth with phenylketonuria (PKU)

deficiency. Despite this, all states screen for PKU, while only some screen for

hearing loss. The Walsh Bill, passed in 1999, recognizes the need for newborn

hearing screening, but it does not mandate universal newborn hearing screening

(UNHS). For this reason, state funds must finance newborn hearing screening.

At the time of this publication, laws in 31 states require UNHS, and 8 states

have similar legislation pending. Furthermore, for those states that do screen

hearing, follow-up rates as low as 50% have been reported.[11] Recognizing the

need for a UNHS program, the Joint Committee on Infant Hearing (JCIH)

published its recommendations in October 2000. These recommendations were

based on numerous studies that demonstrate the deleterious effects of hearing

loss on development and the benefits of early intervention for hearing loss that

is mild to profound.

   1.All infants have access to physiologic hearing screening by otoacoustic

     emissions (OAE) and auditory brainstem response (ABR). 

   2.Infants who fail the screen undergo medical evaluation to confirm hearing

     impairment by 3 months of age. Individuals demonstrating permanent

     unilateral or bilateral sensory or conductive hearing loss averaging 30 to

     40 dB or more in the speech recognition frequency region (500 to 4000

     Hz) fail the screen. 

   3.Multidisciplinary intervention before 6 months of age for infants with

     confirmed hearing impairment. 

   4.Individuals who pass their newborn screen but demonstrate risk factors

     for neonatal (birth to 28 days of age) or delayed-onset (29 days to 2 years

     of age) auditory or speech/language disorder should receive ongoing

     surveillance. Neonatal risk factors include admission to neonatal intensive

     care unit (NICU) more than 48 hours, syndromal findings, family history

     of hearing loss, craniofacial anomalies, and in-utero infection. Risk factors

     for infants (age 28 days through 2 years of age) include parental/caregiver

     concern regarding hearing/speech/language/development, family history,

     syndromal findings, postnatal infection, in-utero infection, neonatal

     indicators, such as hyperbilirubinemia requiring exchange transfusion and

     persistent pulmonary hypertension associated with mechanical ventilation,

     syndromes associated with hearing impairment, neurodegenerative

     disorders, head trauma, and recurrent or persistent otitis media with

     effusions (OME). 

   5.Infant and family privacy rights guaranteed through informed choice and

     consent; results are confidential. 

   6.Quality control programs monitor results to ensure compliance,

     cost-effectiveness, and so forth. 

Currently, some early intervention services for infants with hearing loss are

funded by federal law. Personal amplification, language development, speech

training, and cochlear implants are examples of effective habilitation strategies

that have been combined to achieve the best outcomes. Depending on the

screening technology, though, infants with hearing that is less than 30 dB worse

than normal hearing or with hearing impairment related to neural conduction

disorders or auditory dys-synchrony (formerly auditory neuropathy)5 may not be

detected. For these patients and others that pass their initial screen, ongoing

monitoring for the development of delayed auditory or communication skills is

important. Infants that display such delays should be referred for audiologic

evaluation to rule out hearing loss.[34] Such monitoring should include OAE and

ABR, as some conditions, including auditory dys-synchrony, are not detected

using OAE alone.

In the future, newborn screening may include genetic testing as well. For

example, screening of the gene frequently implicated in hearing loss (GJB2)

currently costs $350.00.[12] Batteries of genetic marker tests may become

cheaper, and could be used in infants with a family history of hearing loss,

syndromal findings, or other predictors of hearing loss. For these reasons, the

otolaryngologist needs a solid understanding of the genetics and molecular

biology of deafness in order to evaluate a new population of infant patients that

present for evaluation of hearing loss in the future.

CLARIFYING CONFUSION

Definition of Hearing Loss

The American National Standards Institute defines hearing loss as the difference in the

normal ability to detect sound relative to its established standards. Audiometric zero are

those levels of hearing that correspond to the average detection of sound at a range of

signal frequencies; for example, 500 Hz, 1000 Hz, 2000 Hz, and so forth. Generally,

individuals are considered to have normal hearing if their ability to detect sound falls

within 0 and 15 to 20 dB HL. Categories of hearing loss have been described and are

used routinely by audiologists in practice. Mild hearing loss is described as detection of

sound within the 15 to 30 dB HL range, moderate hearing loss within 31 to 60 dB HL,

severe hearing loss within 61 to 90 dB HL, and profound hearing loss 90 dB HL or

greater.[29] Hearing loss may be bilateral or unilateral. Individuals with hearing loss in the

mild, moderate, and even severe categories are likely to be called hard of hearing,

whereas those with profound hearing loss are more likely to be called deaf. Severe to

profound hearing loss may be viewed in one of two ways: (1) within a traditional

medical/disability framework, in which children with hearing loss are viewed as having a

deficit in comparison to children with normal hearing; and (2) within a cultural

framework, in which deaf children may be viewed as being part of a cultural group

whose members share a common language (the American sign language) and use a

separate term, deaf, to describe their common feature.

There is evidence to suggest that deaf children may be routinely evaluated by physicians

and others in ways that differ from the evaluation provided for children who have normal

hearing. Deaf children may be perceived as being part of a cultural sub-group comprised

of individuals who share in common their deafness, their use of American sign language,

and their social mores and unique type of humor. In a recent study, deaf and

hard-of-hearing individuals were less likely to report being asked about alcohol

consumption, smoking, exercise, and regular exams, whereas they were more likely to

report receiving a hearing evaluation.[72] 

For example, almost half of inherited deafness is due to mutations in GJB2, which

encodes connexin-26, a gap junction component, on chromosome 13. Similar in

frequency to cystic fibrosis in European and American populations, connexin-26

deafness is the result of a longstanding tradition of intermarriage among members of the

deaf community.[36] [58] 

Mutations in this gene are the leading cause of moderate-to-profound congenital

hereditary hearing impairment.[28] For this reason, some clinicians have called for

universal GJB2 mutation screening, and several simple, inexpensive, reliable PCR

screening tests have been designed.[15] [80] Other clinicians suggest, however, that further

study is needed in larger populations to better identify the relationship between hearing

loss and allele variants prior to establishing the use of this test, which only marginally

improves the power of conventional screening at a significant cost.[29] Indeed, there are

clinicians that call for selective screening in individuals who have demonstrated a hearing

loss.[51] [56] 

Conventional screening and early intervention are well supported in the literature,

however.[2] [51] [55] Better outcomes have been consistently demonstrated by investigators

who employ early enrollment in interventional programs, especially those that incorporate

alternative communication techniques, such as sign language. Many of these investigators

also call for mandatory universal neonatal hearing screening programs to maximize the

benefit of early intervention. Recently, investigators that performed a cost analysis of

universal newborn hearing screening cautioned that greater cost efficiency and lower

false positive rates are achieved with targeted screening, although universal screening

detects far more cases. [18] Investigators have also demonstrated that the false-positive

rate can be reduced to less than 1%, with only a small impact on the mother-infant

relationship in the rare false-positive case.[17] 

The Preferred Practice Patterns[36] is a document specifically tailored to individuals

with hearing loss. It defines communication disorders and describes assessments and

treatments offered by audiologists and speech-language pathologists. The treatment

process is called aural rehabilitation and includes numerous approaches, such as

training of auditory and lip reading skills, language intervention in all modalities, and

training in oral speech/voice skills.

Hearing loss can be congenital, progressive, or acquired. Children may be born with

hearing loss, either of genetic or nongenetic origin, or may experience a loss over time.

Hearing loss identified in children, regardless of its category, can lead to various

consequences. Many of these are specific disorders of communication, which include

significant delays or disorders in speech perception and production and receptive and

expressive oral language. There are also effects in the areas of cognition, educational

level, social-emotional development, and family-child interaction. The most

comprehensive treatment for hearing loss includes early intervention or treatment,

sensory aids, and professional help to address the speech and language delays.

Hearing Loss versus Hearing Impairment

Hearing loss (HL) and hearing impairment (HI) are terms that are often used

interchangeably. Attempting to give different definitions to these two terms, however, can

be helpful in the evaluation and management of patients. HL describes a hearing deficit

that is the result of a decline of hearing from normal or near-normal levels. HL conveys

the notion that a patient's ability to hear was lost after birth. HI describes a hearing

deficit that is known or likely to have been impaired at birth. HI conveys the concept that

the child was born with impaired hearing.

Hearing Impairment versus Deafness

Although many physicians make little effort to distinguish between deafness and hearing

impairment, it is helpful to think of deafness as the most severe type of hearing

impairment. A hearing-impaired individual uses speech as his or her primary method of

communication, despite the severity of hearing loss. A deaf individual primarily uses sign

language or depends on a cochlear implant for communication, despite the use of

lip-reading and speech. Using the term partial deafness is confusing and sometimes is

distasteful to members of the deaf community who believe that individuals are either deaf

or not deaf.

Congenital Hearing Impairment versus Hereditary Hearing Impairment

The terms congenital hearing impairment (CHI) and hereditary hearing impairment

(HHI) are frequently confused. Congenital means present at birth, and hereditary

means caused by a gene mutation. CHI may be caused by either a genetic mutation or a

pathologic process that occurs during pregnancy or labor. Spontaneous or inherited

mutations and exposure to a myriad of pathogenic processes (e.g., maternal-fetal

infection, hypoxemia, ototoxic agents, trauma), can result in CHI. For example, during

the 1960s rubella epidemic, thousands of children were born deaf as a result of

maternal-fetal infection. Similarly, babies born today with cytomegalovirus can have

hearing impairment that is congenital but not hereditary.

Conversely, HHI is the result of a genetic mutation and can manifest at birth or develop

later in life. Such mutations may be spontaneous or inherited. HHI present at birth is

termed congenital hereditary hearing impairment, while HHI that develops later in

life is termed delayed onset hereditary hearing impairment. For example, one of the

most common types of HHI is autosomal dominant nonsyndromic delayed-onset

progressive sensorineural hearing loss. In this genetic disorder, affected individuals are

born with normal hearing that begins to decline in the second decade of life. Depending

on the severity of the disorder within a family, the hearing loss can progress rapidly and

result in severe or profound loss by 50 years of age. In such cases, a history of similar

hearing loss in several other family members helps to differentiate this hereditary disorder

from autoimmune inner ear disorder. A large number of similarly affected family

members further supports such a diagnosis.

Syndromic versus Hereditary Hearing Impairment

Clinicians have a tendency to believe that a patient with a recognizable syndrome has a

genetic disorder. The term syndrome, however, means that an individual has a pattern or

constellation of abnormalities that is recognizable and familiar, while the cause of a

syndrome can be either genetic or exogenous factors. Common hearing impairment

syndromes that are caused by gene mutations include Usher's, Pendred's,

Waardenburg's, branchio-otorenal (BOR) syndromes. Syndromes that are not inherited

or caused by a gene mutation include cytomegalovirus, rubella, and Goldenhar's

syndromes. Also, it is important to remember that a gene mutation can occur

spontaneously so that a child with a hearing impairment syndrome may have no affected

relatives. For example, approximately half of the genetic mutations responsible for

neurofibromatosis are spontaneous; that is, only half of individuals with neurofibromatosis

inherit from a parent the gene mutation responsible for their hearing loss.

Syndromic versus Genetic Disorder

To make the matter of hereditary hearing loss syndromes even a bit more complicated,

there is one additional concept that needs to be introduced. Although there are more

than 200 hearing loss syndromes, each patient who has one of the syndromes that

includes hearing loss may not manifest hearing loss. This statement may seem

paradoxical, but it is not. Waardenburg's syndrome is inherited as an autosomal

dominant disorder. The stigmata of the syndrome include sensorineural hearing loss that

can be unilateral or bilateral, white forelock or premature gray hair, heterochromia irides

(two eyes of a different color or one eye with two pie-shaped wedges of different color),

depigmented or hypopigmented areas of skin, and dystopia canthorum, an abnormally

wide space between the medial canthi of the eyes. Though otolaryngologists generally

believe that patients with Waardenburg's syndrome are deaf, a patient who manifests

many of the components of Waardenburg's syndrome may, in fact, have normal hearing.

Only 17% of patients with Waardenburg's syndrome are deaf. The important point to

remember here is this: a patient diagnosed with one of the hereditary syndromes known

to include hearing impairment does not necessarily have to have hearing impairment.

The truth of the above aphorism is based on variability of gene expression, especially for

disorders that are inherited as a dominant trait. The degree to which the gene defect

results in a specific phenotype is variable. Sometimes the gene for Waardenburg's

syndrome is expressed in a way that results in a family member having a white forelock,

one brown eye and one blue eye, and congenital deafness, whereas another family

member will have only the white forelock and normal hearing.

Patient versus Person

When evaluating patients with hereditary hearing impairment, clinicians may recognize a

constellation of physical findings in an individual that are variations in human anatomy and

biologic function. It is convenient for the clinician to recognize a constellation of physical

findings as a syndrome. Does this mean that such an individual should be described as a

patient? Not necessarily. In the absence of any functional deficit or need for medical

attention, an otolaryngologist should use caution when referring to such an individual as a

patient. For example, the normal hearing female sibling with a white forelock and two

different color eyes who is the sister of a man with Waardenburg's syndrome who is deaf

may not like to be referred to as a patient. After all, the sister of the deaf man has normal

hearing and two pigmentary findings (eye and hair) that are unusual but do not require

treatment of any kind. In general, individuals who manifest variations from normal

anatomy but who are not seeking medical or surgical treatment or correction of the

abnormalities do not like to be referred to as patients. In speaking with and writing

about these family members, it is preferable to refer to them as an individual, or family

member, rather than always describing them as patients.

SYNDROMES AND NONSYNDROMIC HEARING LOSS

Although there are more than 200 different syndromes known to include hearing

impairment, nearly two thirds of HHI is termed nonsyndromic and is not associated with

any other anomalies.[8] [26] With both the syndrome and nonsyndrome classifications

there are various modes of inheritance of the genes responsible for hearing impairment,

including autosomal dominant, autosomal recessive, and X-linked transmission. Recent

research has resulted in the identification and location of many genes responsible for a

variety of disorders associated with hearing impairment. As these discoveries are made,

a greater understanding is achieved regarding molecular mechanisms controlling

development and function of the ear.

INHERITANCE PATTERNS

A disorder that is described as hereditary implies that there is a genetic basis for the

disorder. If the disorder is the result of a defect such as a base pair deletion or

substitution in a single gene, then the inheritance pattern usually is recognizable as one of

three classical types of mendelian inheritance: autosomal dominant, autosomal recessive,

or X-linked recessive. The inheritance patterns may vary from the more classic

mendelian inheritance patterns, however, when the disorder is secondary to the

interaction of several genes or the result of an interplay between genetic and

environmental factors.

Autosomal Recessive

The most common pattern of transmission of HHI is autosomal recessive, comprising

80% of cases of hereditary deafness.[74] In the recessive transmission, the parents most

likely have normal or near normal hearing even though they possess the recessive gene.

Typically, there is a 25% chance that offspring will be affected and manifest hearing

impairment or deafness. This mode of transmission is characterized by a horizontal

pattern of affected individuals when visualized on a pedigree. Parents who carry the gene

are unaffected, although offspring of the gene-carrying parents then may be affected. For

a child to exhibit a disorder, both parents must be carriers of the particular gene involved

in the disorder.

Autosomal Dominant

Autosomal dominant inheritance is implicated in approximately 18% of cases of

hereditary hearing impairment.[74] In contrast to the autosomal recessive mode of

inheritance, the autosomal dominant mode exhibits a vertical pattern of transmission in a

family pedigree as an affected parent passes on the gene to children who then are

affected. Typically, 50% of the children will be affected when one parent has an

autosomal dominant gene for HHI. Alternatively, a new mutation in a gene may be

inherited in a dominant fashion, resulting in the offspring being the first affected individual

in the family.

X-Linked

The X-linked recessive inheritance pattern accounts for 1% to 3% of cases of hereditary

hearing impairment, and involves particular genes located on the X chromosome.[74] This

type of inheritance more commonly affects males because they possess a single X

chromosome and will present phenotypically with any genotypic change in this location.

This pattern of inheritance is similar to the pattern of inheritance for hemophilia, with

mothers being the carriers of the recessive gene and their male offspring being the

affected individuals.

Abnormalities in Mitochondrial DNA

Another rare mode of inheritance for HHI is mitochondrial inheritance. During normal

fertilization, the maternal oocyte is the sole contributor of mitochondria. As a result, the

mother's offspring inherit their mitochondria entirely from their mother. In this way, any

mitochondrial DNA mutation responsible for HHI in the mother is transmitted to all of

the mother's offspring. Hearing loss is the only symptom of mitochondrial disease in

some families.[81] 

Mitochondrial DNA encodes mitochondrial proteins, tRNA, and rRNA. Of these,

mutations in tRNA and rRNA have been associated with nonsyndromic hearing loss.

Another suspect in mitochondrial HHI is a mitochondrial import protein

deafness/dystonia peptide (DDP).[81] Table 1 lists several mitochondrial genes that have

been implicated in nonsyndromic HHI. The expression of mitochondrial HHI varies

greatly; some individuals who do inherit a mutation in mitochondrial DNA possess only a

minimal hearing deficit. Mutations in mitochondrial DNA encoding mitochondrial tRNA

have been associated with HHI. In addition, the mitochondrial DNA mutation mt3243

has been associated with at least two syndromes: (1) maternally inherited diabetes and

deafness (MIDD), and (2) myopathy-encephalopathy-lactic acidosis-stroke

(MELAS).[4] [68] [77] Susceptibility to aminoglycoside ototoxicity has been associated with

a point mutation in an mitochondrial rRNA.[63] Mitochondrial inheritance is rare and

contributes to less than 1% of all HHI.[54] 

     TABLE 1 -- MITOCHONDRIAL GENES--HEREDITARY HEARING

                            IMPAIRMENT

 Gene

                              Mutation

                                                   Phenotype

 Syndromic

 tRNALeu(UUR)

                             3243A->G

                                                MELAS and MIDD

 tRNALys

                             8344A->G

                                                    MERRF

                             8356T->C

                                                    MERRF

                             8296A->G

                                                     MIDD

 tRNASer(UCN)

                             7512T->C

                                               Progressive myoclonic

                                               epilepsy; ataxia, hearing

                                                    impaired

 Several

                            Large deletions

                                                      KSS

 Several

                        Large deletion/duplication

                                                     MIDD

 tRNAGlu

                             14708T->C

                                                     MIDD

 Non Syndromic

 12S rRNA

                             1555A->G

                                                   None proven

 tRNASer(UCN)

                             7445A->G

                                              Palmoplantar keratoderma

                              7472insC

                                              Neurological dysfunction,

                                              including ataxia, dysarthria

                                                  and myoclonus

                             7510T->C

                                                  None reported

                             7511T->C

                                                  None reported

 KSS = Kearns-Sayre syndrome; MERRF = myoclonic epilepsy and ragged red fibers;

 MELAS = mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes;

 MIDD = maternally inherited diabetes and deafness.

 Data from Van Camp G, Smith RJH: Hereditary Hearing Loss Homepage.

 Available at <http:// dnalab-www.uia.ac.be/dnalab/hhh/> Accessed 11/2000.

PENETRANCE, EXPRESSIVITY, AND GENETIC

HETEROGENEITY

As mentioned previously, most HHI is inherited in an autosomal recessive pattern of

inheritance. Making the diagnosis of nonsyndromic autosomal recessive HHI, however,

may not be easy in some cases. For example, if a child has few or no siblings and has

only one or two cousins, then there may not be sufficient information about hearing

impairment in family members to make a diagnosis of hereditary hearing impairment.

Similarly, making the diagnosis of autosomal dominant HHI may not always be easy. It is

important to understand that all individuals within a family who have the gene that causes

an autosomal dominant disorder may not manifest all or even any of the physical findings

that make the syndrome recognizable.

The term penetrance is used to indicate that there has been manifest expression of a

gene. Penetrance is an all-or-none phenomenon. A penetrant gene is one that manifests

as a detectable phenotype in a given individual. If there is no evidence of gene

expression, the gene is termed nonpenetrant. The term expressivity is used to

characterize the degree to which a penetrant gene is expressed. Expression is the

degree to which an abnormal gene causes abnormal development or abnormal function.

Even though two individuals may have the same abnormal gene that causes hearing

impairment, one individual may have mild high frequency impairment while another

individual with the same genetic mutation may have profound hearing loss.[30] Recent

research suggests that the sex of the parent from whom a particular gene mutation is

inherited influences the expression of the mutated gene.[31] This phenomenon is termed

genomic imprinting.

The concept of genetic heterogeneity differs from both penetrance and expressivity. It is

possible that a syndrome defined by a set of characteristic traits may be produced by a

defect in more than one gene. The term genetic heterogeneity implies that different

mutations, possibly involving different genes, can result in an identical or similar

phenotype. In other words, a certain phenotype may result from several different genetic

aberrations. This should not be confused with a polygenic disorder, which is a phenotype

that results from the interaction of multiple genes, each or which has a relatively minor

effect.

CLASSIFICATION OF HEREDITARY HEARING IMPAIRMENT

Hereditary hearing impairment is classified into nonsyndromic or syndromic forms. Up to

30% of deafness in children can be attributed to syndromic forms.[60] Many of the

causative genes for these syndromes have been identified in recent years. Nonsyndromic

hearing impairment is almost exclusively caused by mutations within a single gene. These

hearing impairments are not associated with any other anomalies or defects.[16] 

NONSYNDROMIC HEREDITARY HEARING IMPAIRMENT

Genetic mutations resulting in nonsyndromic HHI are responsible for two thirds of HHI.

There are several modes of inheritance of nonsyndromic HHI genes. Many of these

genes for nonsyndromic HHI already have been isolated and cloned.

Autosomal-recessive forms of deafness involve gene loci; DFNB loci that have been

mapped to multiple chromosomes.[60] Table 2 illustrates the location of the genes that

have been found to cause autosomal-recessive HHI. Researchers continue to study

these genes and the mechanisms by which genetic mutations result in hearing impairment.

Recently, investigators have demonstrated dominant and recessive modes of inheritance

of hearing impairment caused by mutations in the same gene.[47] [56] 

    TABLE 2 -- AUTOSOMAL RECESSIVE NONSYNDROMIC HEARING

                        IMPAIRMENT GENES

 Gene

                               Locus

                                                    Location

 MYO7A

                              DFNB2

                                                    11q13.5

 MYO15

                              DFNB3

                                                    17p11.2

 PDS

                              DFNB4

                                                      7q31

 unknown

                              DFNB5

                                                     14q12

 unknown

                              DFNB6

                                                    3p14-p21

 unknown

                              DFNB7

                                                    9q13-q21

 unknown

                              DFNB8

                                                    21q22.3

 OTOF

                              DFNB9

                                                    2p22-p23

 TMPRSS3

                              DFNB10

                                                    21q22.3

 unknown

                              DFNB11

                                                    9q13-q21

 unknown

                              DFNB12

                                                   10q21-q22

 unknown

                              DFNB13

                                                    7q34-36

 unknown

                              DFNB14

                                                      7q31

 unknown

                              DFNB15

                                                    3q21-q25

                                                     19p13

 unknown

                              DFNB16

                                                   15q21-q22

 unknown

                              DFNB17

                                                      7q31

 unknown

                              DFNB18

                                                   11p14-15.1

 unknown

                              DFNB19

                                                     18p11

 unknown

                              DFNB20

                                                   11q25-qter

 TECTA

                              DFNB21

                                                      11q

 reserved

                              DFNB22

 unknown

                              DFNB23

                                                   10p11.2-q21

 unknown

                              DFNB24

                                                     11q23

 unknown

                              DFNB25

                                                   4p15.3-q12

 unknown

                              DFNB26

                                                    4q2 modif

                                                    1q22-23

 reserved

                              DFNB27

 unknown

                              DFNB28

                                                     22q13

 DFNB29

                              DFNB29

                                                     21q22

 unknown

                              DFNB30

                                                    unknown

 Data from Van Camp G, Smith RJH: Hereditary Hearing Loss Homepage.

 Available at http://dnalab-www.uia.ac.be/dnalab/hhh/ Accessed 11/2000.

The DFNB1 locus on chromosome 13 is a major locus for recessive and dominant

nonsyndromic deafness.48 Mutations at this site are responsible for autosomal-recessive

deafness in about 80% of Mediterranean families.[22] The frequency of one of the most

common mutations at this site, the 35delG mutation, is estimated to be 1 in 51 in the

overall European population and is estimated to be 1 in 35 in southern European

communities.[23] These families possess a mutation in the connexin-26 gene that encodes

an integral membrane protein that contributes to the gap junction.[7] Recycling of

endolymphatic potassium ions during the transduction of audition depends on these

junctions in epithelial and connective tissue cells.[37] [38] As such, expression of mutant

connexin-26 in the cochlea can result in HHI. Recently, a novel mutation in this gene has

been identified in the Japanese population (1 in 100), thereby further demonstrating

the genetic heterogeneity that exists worldwide.[42] Similarly, mutations in a related gene

encoding another connexin, connexin 31 (GJB3), have been implicated in recessive and

dominant nonsyndromic hearing loss in China.49 

Fifteen percent of nonsyndromic HHI is inherited in an autosomal-dominant manner.

Table 3 outlines the genes that are associated with autosomal dominant nonsyndromic

hearing impairment. The functions of many of these genes have yet to be determined.

Others, such as those of the GJB loci, have been well studied and mutations at these loci

have been implicated in otologic and systemic disease.[40] Autosomal dominant forms of

deafness in humans involve DFNA loci that are located on numerous chromosomes.[60]

Generally, this form of HHI is characterized by progressive hearing loss and less severe

impairment. Autosomal recessive forms of hearing loss are almost all caused by cochlear

defects, and the autosomal dominant forms of HHI often involve conductive or

sensorineural defects. This has been demonstrated in a study of a family with dominant,

progressive, low-frequency sensorineural hearing loss caused by a mutation in DFNA6

(4p16.3).[56] Recently, for example, mutation in KCNQ4, found in the DFNA2 locus,

was implicated in a form of nonsyndromic dominant deafness.[41] KCNQ4 is normally

expressed in the sensory outer hair cell of the cochlea. Mutant KCNQ4 gene product

alters the function of the potassium channels in these hair cells, leading to hair cell

dysfunction and concommitant hearing impairment.

    TABLE 3 -- AUTOSOMAL DOMINANT NONSYNDROMIC HEARING

                        IMPAIRMENT GENES

 Gene

                               Locus

                                                    Location

 HDIA1

                              DFNA1

                                                      5q31

 GJB3

                              DFNA2

                                                      1p34

 KCNQ4

                              DFNA2

                                                      1p34

 GJB2

                              DFNA3

                                                     13q12

 GJB6

                              DFNA3

                                                     13q12

 unknown

                              DFNA4

                                                     19q13

 DFNA5

                              DFNA5

                                                      7p15

 unknown

                              DFNA6

                                                     4p16.3

 unknown

                              DFNA7

                                                    1q21-q23

 TECTA

                              DFNA8

                                                   11q22-q24

 COCH

                              DFNA9

                                                   14q12-q13

 unknown

                              DFNA10

                                                    6q22-q23

 MYO7A

                              DFNA11

                                                   11q12.3-q21

 TECTA

                              DFNA12

                                                   11q22-q24

 COL11A2

                              DFNA13

                                                      6p21

 unknown

                              DFNA14

                                                     4p16.3

 POU4F3

                              DFNA15

                                                      5q31

 uknown

                              DFNA16

                                                      2q24

 uknown

                              DFNA17

                                                      22q

 uknown

                              DFNA18

                                                      3q22

 uknown

                              DFNA19

                                                   10 (pericen)

 uknown

                              DFNA20

                                                     17q25

 reserved

                              DFNA21

 reserved

                              DFNA22

 uknown

                              DFNA23

                                                   14q21-q22

 uknown

                              DFNA24

                                                       4q

 uknown

                              DFNA25

                                                   12q21-q24

 uknown

                              DFNA26

                                                     17q35

 uknown

                              DFNA27

                                                      4q12

 uknown

                              DFNA28

                                                      8q22

 reserved

                              DFNA29

 uknown

                              DFNA30

                                                     15q26

 withdrawn

                              DFNA31

 uknown

                              DFNA32

                                                     11p15

 reserved

                              DFNA33

                              DFNA34

                                                      1q44

 reserved

                              DFNA35

                              DFNA36

                                                    9q13-q21

                              DFNA37

                                                      1q21

 reserved

                              DFNA38

 Data from Van Camp G, Smith RJH: Hereditary Hearing Loss Homepage.

 Available at <http:// dnalab-www.uia.ac.be/dnalab/hhh/> Accessed 11/2000.

The extreme genetic heterogeneity of hearing impairment contributes to the challenge of

isolating and cloning genes responsible for HHI. Linkage analysis requires large

individual families. X-linked forms account for only 1.7% of HHI. Most of the X-linked

genes responsible for HHI have yet to be elucidated.

Nonsyndromic X-linked deafness is even more uncommon than syndromic X-linked

deafness.[29] In the majority of pedigrees demonstrating nonsyndromic X-linked

deafness, the hearing impairment is of relingual onset and is characterized by one of two

forms. X-linked stapes fixation with perilymphatic gusher and mixed hearing impairment

has been localized to the DFN3 locus, which encodes the POU3F4 transcription

factor.[79] X-linked forms of hearing impairment may also involve congenital sensorineural

deafness.[50] Both forms of nonsyndromic HHI have been linked to Xq13q21.2.[64]

Furthermore, researchers have identified an X-linked dominant sensorineural hearing

impairment associated with the Xp21.2 locus.[44] The auditory impairment in affected

males was congenital, bilateral, sensorineural, and profound, affecting all frequencies.

Adult carrier females demonstrated bilateral, mild to moderate high frequency

sensorineural hearing impairment of delayed onset, suggesting the involvement of

genomic imprinting.

SYNDROMIC HEREDITARY HEARING IMPAIRMENT

One third of cases of HHI are associated with clinical symptoms recognizable as a

clinical syndrome.[60] In most cases, hearing loss is of the conductive or mixed variety.

Several hundred syndromes have been described that include hearing loss associated

with a variety of anomalies.[27] Table 4 lists a number of syndromes in which hearing

impairment is involved and the genes associated with the syndromes. A large number of

these hearing deficits are secondary to early developmental defects of the ear. Mapping

and cloning of genes responsible for syndromic deafness have been facilitated by the

availability of mouse mutants carrying mutations within the orthologous genes. An

example of this includes a hearing-impaired mouse, shaker1, which carries a genetic

mutation called myo7a.[13] Mutations in this gene affect the stereocilia arrangement on

the surfaces of sensory hair cells in mice, and in humans the gene recently has been

linked to Usher's syndrome type 1B.[78] Recently, this gene has been implicated in two

forms of nonsyndromic hearing loss.[81] Overall, the genes that are responsible for

syndromic deafness encode a diverse array of molecules, including transcription factors,

enzymes, cytoskeletal components, and extracellular matrix components.[60] Researchers

continue to investigate the genes responsible for syndromic deafness. These syndromic

hereditary hearing impairments also can be classified according to the mode of

inheritance: autosomal recessive, autosomal dominant, and X-linked.

        TABLE 4 -- SYNDROMIC HEARING IMPAIRMENT GENES

 Syndrome

                Inheritance

                                Gene

                                            Locus

                                                        Location

 Alport's

                   XLR

                              COL4A5

                                                          Xq22

                   AD

                              COL4A3

                                                        2q36-q37

                   AD

                              COL4A4

                                                        2q36-q37

 Branchi-Oto-

                   AD

                               EYA1

                                             BOR

                                                         8q13.3

 Renal(BOR)

                   AD

                              unknown

                                            BOR2?

                                                          1q31

 Jervell and

                   AR

                              KVLOTI

                                            JLNS1

                                                         11p15.5

 Lange Nielsen

                   AR

                               KCNE1

                                            JLNS2

                                                      21p22.1-q22.2

 Norrie Disease

                   XLR

                               Norrin

                                             ND

                                                         Xp11.3

 Pendred's

                   AR

                                PDS

                                             PDS

                                                         7q21-34

 Stickler

                   AD

                              COL2A1

                                             STL1

                                                      12q13.11-q13.2

                   AD

                              COL11A2

                                             STL2

                                                         6p21.3

                   AD

                              COL11A1

                                             STL3

                                                          1p21

 Treacher Collins

                   AD

                               TCOF1

                                            TCOF1

                                                       5q32-q33.1

 Usher's

                   AR

                              unknown

                                            USH1A

                                                         14q32

                   AD

                              MYO7A

                                            USH1B

                                                         11q13.5

                               USH1C

                                            USH1C

                                                         11p15.1

                              unknown

                                            USH1D

                                                          10q

                              unknown

                                            USH1E

                                                      21q22.1-q22.2

                              unknown

                                            USH1F

                                                           10

                               USH2A

                                            USH2A

                                                          1q41

                              unknown

                                            USH2B

                                                        3p23-24.2

                              unknown

                                            USH2C

                                                       5q14.3-q21.3

                              unknown

                                            USH3

                                                        3q21-q25

 Waadrdenburg's

                               PAX3

                                             WS1

                                                          2q35

                                MITF

                                             WS2

                                                       3p14.1-p12.3

                               PAX3

                                             WS3

                                                          2q35

                               EDNRB

                                             WS4

                                                         13q22

                               EDN3

                                             WS4

                                                      20q13.2-q13.3

                               SOX10

                                             WS4

                                                         22q13

 AD = autosomal dominant; AR = autosomal recessive; XLR = x-linked.

 Data from Van Camp G, Smith RJH: Hereditary Hearing Loss Homepage.

 Available at <http://dnalab-www.uia.ac.be/dnalab/hhh/> Accessed 11/2000.

Recessively inherited forms of syndromic deafness include Usher's syndrome, Pendred's

syndrome, and Jervell and Lange-Nielsen syndrome, among others. Usher's syndrome

has a prevalence of 3.5 per 100,000, and is responsible for 3% to 10% of congenital

deafness. It is also responsible for half of the deaf-blind population. Usher's syndrome is

characterized clinically by retinitis pigmentosa, sensorineural hearing loss, and vestibular

malfunction. Impairment can range from the absence of vestibular function (type 1) to

high frequency sensorineural hearing loss (type 2), to progressive audiovestibular

dysfunction (type 3). Usher's syndrome type 1B has been linked to the gene USH1B

which codes for a protein called myosin VIIA.[78] Interestingly, mutations in this protein

have been associated with the DFNB2 locus in syndromic hearing impairment, as well as

the DFNA11 locus in a nonsyndromic, autosomal dominant hearing impairment.[50] This

demonstrates that mutations within the same gene can cause both syndromic as well as

nonsyndromic hearing impairment.

Pendred's syndrome includes thyroid goiter and profound sensorineural hearing loss.

Hearing loss is progressive in only about 15% of patients.[74] The majority of patients

present with bilateral moderate to severe sensorineural hearing impairment, with some

residual hearing in the low frequencies. Mutations in the PDS gene that encodes the

pendrin protein, have been shown to cause this syndrome. Previously, pendrin was

thought to be a sulphate transporter based on its homology to other proteins. Recently,

using a Xenopus model, investigators have demonstrated that pendrin is incapable of

transporting sulphate, instead acting as an iodide-chloride pump.[9] [24] Inner ear spiral

lamina malformation results in aberrant inner ear anatomy that is associated with

sensorineural hearing loss.

Jervell and Lange-Nielsen syndrome consists of profound sensorineural hearing loss and

syncopal episodes.[74] This syndrome is caused by mutations in the KVLQT1 and

KCNE1 genes, which are involved in forming ion channels in the stria vascularis.[59] [69]

These ion channel defects are also responsible for the cardiac anomalies that lead to the

characteristic long QT interval seen in these patients.

Syndromic HHI may be inherited also in an autosomal dominant fashion. Examples of

syndromes associated with hearing impairment include Treacher Collins syndrome,

neurofibromatosis, Stickler syndrome, Waardenburg's syndrome, and BOR syndrome.

Treacher Collins syndrome consists of facial malformations such as malar hypoplasia,

downward slanting palpebral fissures, malformations of the external ear or the ear canal,

dental malocclusion, and cleft palate.[74] The syndrome is caused by mutations in a gene

called TREACLE. [20] Hearing loss in Treacher Collins syndrome is usually severe.

Neurofibromatosis is classified as types 1 and 2. Neurofibromatosis type 1 consists of

cafe au lait spots, freckling, optic gliomas, and hearing loss. Type 1 is caused by a

disruption of the NF1 gene (17q11.2). Neurofibromatosis type 2 is characterized by

bilateral acoustic neuromas, cafe au lait spots, and subcapsular cataracts. Deletions in

the NF2 gene (22q12.2) cause the abnormalities associated with this syndrome.[39] 

Stickler syndrome is characterized clinically by cleft palate, micrognathia, severe myopia,

retinal detachments, cataracts, and marfanoid habitus.[74] Eustachian tube dysfunction

occurs secondary to the cleft palate, resulting in conductive hearing loss. Ossicular

anomalies may be present also. Some cases of the syndrome present with progressive,

high-frequency sensorineural hearing loss. Mutations in the COL2A1 gene on

chromosome 12 result in premature termination signals for a collagen gene and have

been found in patients with Stickler syndrome. Additionally, changes in the COL2A2

gene on chromosome 6 have been found to cause the syndrome.[77] 

The incidence of Waardenburg's syndrome is 1 in 4000 live births, and a total of 2.3%

of children with congenital hearing loss are suspected to have the syndrome.[74] WS is

the most common form of inherited congenital deafness and is inherited in an autosomal

dominant fashion. It has been divided into three different clinical subtypes. Type 1 is

characterized by congenital unilateral or bilateral sensorineural hearing impairment,

heterochromia irides, white forelock, patchy hypopigmentation, and dystopia canthorum.

Type 2 is differentiated from type 1 by the absence of dystopia canthorum, whereas type

3 is characterized by microcephaly, skeletal abnormalities, and mental retardation, in

addition to the features associated with WS type 1. Studies have demonstrated that

mutations in the PAX3 gene on chromosome 2 are associated with WS1 and WS3.[45]

These mutations result in a change in the amino acid sequence of the protein encoded by

the PAX3 gene. This protein is normally a DNA binding protein that belongs to a family

of proteins that regulate transcription of DNA during embryogenesis. This genetic

mutation ultimately results in a defect in neural crest cell migration and development.

Mutations in the MITF gene have been found in individuals with WS2.[73] Recently,

WS2 was distinguished from Tietz's syndrome, which is characterized by congenital

profound deafness and generalized hypopigmentation caused by a mutation in MITF,

whereas WS2 hearing loss is variable and depigmentation is patchy.[71] It is theorized

that mutations in MITF may act through a dominant-negative mechanism to produce

Tietz's syndrome instead of Waardenburg's syndrome. Similarly Waardenburg's

syndrome has been linked also to other genes such as EDN3, EDNRB, and SOX10.[3]

[21] [61] 

Branchio-oto-renal syndrome is estimated to occur in 2% of children with congenital

hearing loss.[74] Branchial anomalies include branchial clefts, fistulas, and cysts. Otologic

abnormalities, such as a malformed pinna and the presence of preauricular pits, may

exist. The syndrome also includes the presence of various renal anomalies. Seventy-five

percent of patients with branchio-oto-renal syndrome have significant hearing loss. Of

these, 30% are conductive, 20% are sensorineural, and 50% demonstrate mixed

forms.[36] Recently, mutations in a drosophilia gene EYA1 have been shown to cause the

syndrome. [1] The encoded protein is a transcriptional activator. In humans, the gene

responsible for the syndrome has been localized to chromosome 8.[76] 

X-linked dominant and recessive inheritance is rare, accounting for only 1% to 2% of

cases of hereditary hearing impairment. Alport's syndrome is an X-linked inheritance

disorder that usually affects males more severely. The gene on the X-chromosome has

been identified as COL4A5, which encodes for a certain form of collagen. Mutant

collagen-containing structures in both the inner ear and the kidney become increasingly

fragile, resulting in progressive hearing impairment and kidney disease. Defects in two

other collagen genes, COL4A3 and COL4A4, also have been found to cause Alport's

syndrome and are inherited in an autosomal recessive manner.[66] Other genetic collagen

disorders, including Ehlers-Danlos syndrome and osteogenesis imperfecta, demonstrate

hearing impairment that is of the mixed variety. The mechanisms of disease are still under

investigation.

RECENT MOLECULAR AND GENETIC DISCOVERIES

As the incidence of hearing impairment secondary to infectious and iatrogenic causes

decreases, the relative incidence of hereditary hearing impairment rises. The study of the

genetics and molecular biology of hearing impairment is becoming increasingly important.

Scientists continue to gain a greater understanding of the alterations in genes that result in

auditory pathophysiology. Hopefully, further research will elucidate the role of genetics in

the development and function of the auditory system.

Hearing Loss Genes and Their Gene Products

Almost all of the genes implicated in hearing loss were identified within the last 10 years.

Some of these genes encode related proteins, many of which are well-studied. These

include the connexin genes, the myosin genes, the POU genes, and ion channel genes. In

addition, a number of unrelated genes have been identified (see Tables 1 - 4) .[81] 

The connexin gene family is comprised of a group of genes that encode plasma

membrane channel proteins of the alpha (A) and beta (B) types.[82] To form an

intercellular channel for communication, two adjacent cells each contribute six connexin

subunits. Intercellular exchange of small molecules and ions occurs through these

channels in regions known as gap junctions (GJ), where connexin channels are

concentrated. During sound transduction, potassium ions move in and out of

stereocilia-containing hair cells, a process that is facilitated by gap junctions. Mutations in

connexin can alter this process and affect hearing, and impaired intercellular coupling

caused by abnormal gap junction assembly has been demonstrated in vitro.[52] To date,

syndromal (e.g., X-linked Charcot-Marie-Tooth syndrome) and nonsyndromal (e.g.,

autosomal dominant and autosomal recessive) patterns of genetic hearing loss have been

documented.[79] [81] 

So far, at least four connexin genes have been identified, and a number of mutations have

been characterized. Of all genetic mutations resulting in hearing loss, the prototype gene

for study has been GJB2, the connexin 26 gene. Connexin 26 mutations have been

identified and characterized worldwide, and the frequencies of mutations have been

measured in many populations. For example, the deletion of a guanine molecule at

position 30 in the connexin 26 gene GJB2 is termed the 30delG mutation. This mutation

is responsible for most genetic hearing loss in Europe, and is carried in the Caucasian

population at a frequency of 1% to 3%. A similar mutation, the 35delG, is the leading

cause of 40% to 70% of nonsyndromic autosomal recessive deafness in the midwestern

United States.[29] [80] Approximately 4% percent of Ashkenazi Jews carry a similar

thymine mutation (167delT),[81] while the carrier rate for the most common GJB2

mutation in Japan, 235delC, is approximately 1%.[42] In Ghana, several families in one

village are known for their highly prevalent profound nonsyndromic hearing loss; recent

mutation analysis revealed that 21 subjects in 11 families possessed the same

homozygous mutation R143W (a tryptophan->arginine exchange) in GJB2. [35] In

American schools for the deaf, investigators identified a variety of mutations. In this

study, at least 16% to 34% of patients with profound hearing impairment of unknown

cause were homozygotes or compound heterozygotes for GJB2 mutations. Individuals

with affected siblings demonstrated homozygous mutation rates that were nearly double

(64%) that of patients without a known affected sibling. Finally, these investigators

suggest that as much as 10% of the deaf population demonstrates auditory

dys-synchrony (formerly auditory neuropathy) secondary to a form of retrograde

neurologic degeneration, a process that may be induced by mechanical changes in the

cochlea that result from absence or detachment of inner hair cells.[6] 

To identify patients with common connexin mutations, screening tests, such as the

30delG and 35delG screens, have been designed and studied. They have demonstrated

utility, reliability, simplicity, efficiency, and cost-effectiveness, thereby supporting the use

of genetic screening in the evaluation of hearing loss.[15] [23] [80] (For more information on

connexin 26 see the connexin 26 homepage at http://www.iro.es/cx26deaf.html.)

The myosin gene family is related to the superfamily of myosin genes expressed

throughout the body. Several unconventional myosin genes expressed in the ear have

been implicated in hereditary hearing loss (e.g., myosin VI, myosin VIIA, myosin XV

genes). In the ear, myosins are necessary for stereocilia movement. They may facilitate

vesicle transport in hair cells and may provide structural support in hair cells and their

stereocilia. Autosomal recessive nonsyndromic hearing loss and syndromic hearing loss

(e.g., Usher's syndrome) have been described. Many mouse models have been used to

study these mutations, including Snell's waltzer mice (Myo6(sv)), shaker 1

(Myo7(ash12)) and shaker 2 (Myo15(sh2)). To date, the shaker mice mutations have

led to the identification of mutations responsible for Usher's syndrome 1B and

nonsyndromic autosomal recessive deafness.[35] Deafness caused by stereocilia

abnormalities has been demonstrated in such mice.[81] 

Members of the POU gene family encode transcription factors, some of which are

expressed in the inner and middle ear. The POU4F3 is uniquely expressed in hair cells,

where it regulates the survival of the organ of Corti. POU3F4 is expressed in the middle

and inner ear, regulating bone maturation. In mouse models, mutations in POU3F4 result

in bony labyrinth and ossicle developmental abnormalities.[81] 

The potassium channel gene superfamily includes genes that are expressed in the inner

ear. In normal potassium trafficking, the KCNQ4 gene product distributes potassium

from hair cells into surrounding cells, while KCNQ1 and KCNE1 gene products secrete

this newly distributed potassium into the endolymph. Mutations in these genes (i.e.,

KCNQ4, KCNQ1, and KCNE1) result in mutant potassium channels that are

responsible for abnormal potassium traffic in and out of the cell. The abnormal electric

potentials of the hair cells alter sound transduction and result in hearing loss. In humans,

hearing loss and conduction abnormalities of the heart are seen in Jervell and

Lange-Nielsen syndrome. In mice models, Ca2+ channel gene mutations cause a similar

syndrome of deafness with sinoatrial node of dysfunction.[62] Na-K-Cl co-transporter

mutations have also been shown to cause deafness in mice.[19] 

One day, genetic testing may be a useful diagnostic tool in the evaluation of hearing

impairment. This is not to imply that genetic testing should be performed. Indeed, the

otolaryngologist must consider the impact of testing on the affected individual and his or

her family. Genetic testing for hearing impairment is of great academic value, however,

providing information on the prevalence and penetrance of certain mutations in

populations. Such testing is invaluable in the characterization of genotype-phenotype

relationships in the hearing-impaired. As such, the evaluation of genotypes of

hearing-impaired individuals contributes to our understanding of the correlation between

genetic mutations and the degree of hearing impairment. Even today, gene mapping

enhances the diagnostic capabilities of physicians. Specifically, in the evaluation of HHI,

confirmation of the presence of gene mutations enables the otolaryngologist to make a

more accurate diagnosis, particularly in situations in which the early presenting signs and

symptoms may be extremely subtle and difficult to detect. Early diagnosis of certain

diseases facilitates early, appropriate intervention and systemic preventive treatment

when indicated to achieve better patient outcomes.

With a growing understanding of genetic mutations and their effect on auditory function,

scientists hope to develop treatments for many genetic disorders. Researchers explore

the possibility of gene therapy for HHI and novel therapies to treat the deficiencies that

arise from genetic mutations. In the future, individuals carrying a genetic mutation

responsible for progressive hearing loss may be able to receive a sufficient amount of

normal gene product in order to prevent auditory dysfunction. The Boys Town Research

Registry for HHI provides information on clinical and research issues to families,

clinicians, and researchers interested in HHI and deafness. The Registry also collects

information on new research and matches families with collaborating research projects. *

Other national and international resources for patients include the National Institute of

Health's Deafness and other Communication Disorders  division and the Royal

National Institute for the Deaf.  (For more information please see the Information on

Genetic Testing website at http://www.genetests.org, the Hereditary Hearing Loss

homepage at http://dnalab-www.via.ac.be, and the Human Genetic Disease Database at

http://www.tua.ac.il/racheli/genedis/deafness/deafness.

CLINICAL APPROACH

Family History

It is important to obtain a detailed family history. A positive history includes history of

family members who were under 30 years of age when they developed hearing

impairment or required a hearing aid. Inquire about hereditary traits that may be

associated with syndromic HHI, such as a white forelock of hair, premature graying,

different colored eyes, kidney abnormalities, night blindness, severe farsightedness,

childhood cardiac arrhythmias, or a sibling with sudden cardiac death. Any of these

criteria should alert the clinician to suspect HHI. Determine the genealogy as much as

possible to identify the probable mode of transmission.

Physical Examination

Systematic physical examination can help uncover cases of HHI, although the findings

can be very subtle. Look for features that are variant from normal or dysmorphic, as

they provide clues to syndromes. Starting with the face, notice any asymmetry of the

facial bones, skin tags, the head shape, and the presence of unusual hair colors or

texture. Note eye slant, iris and sclerae color, vision limitations, intercanthal distance,

cataracts, and retinal findings. Examine the pinnae for asymmetry in shape between the

right and left ears, malposition of the pinnae, presence of preauricular pits or skin tags;

assess the external auditory canal size and patency; note tortuosity. Inspect the neck

area for thyromegaly and branchial anomalies. A skin examination should detect areas of

hypo- and hyperpigmentation and cafe au lait spots. Extremities should be checked for

aberrant digit size, shape or number, and syndactyly. Gait and balance should be noted

to evaluate vestibular function.

Audiologic Testing

Audiologic evaluation should be undertaken in all cases of suspected HHI, and should

include parents and siblings of the individual. For infants and younger patients,

electrophysiologic tests such as the auditory brain stem response (ABR), stapedial

reflex, and otoacoustic emission can be done. An audiogram that is U-shaped or cookie

bite-shaped should alert the clinician to HHI.

Vestibular function tests can be helpful in diagnosis. Patients with Usher's syndrome type

I have absent vestibular responses, whereas patients with Usher's syndrome type II have

normal vestibular responses.

Laboratory Testing

At present, the National Institute of Health (NIH) Consensus group and the National

Institute on Deafness and Other Communication Disorders (NIDCD) recommend

instituting a system of hearing screening within newborn nurseries using ABR and

variations of otoacoustic emission (OAE). All children diagnosed with hearing loss

should, however, have a urinalysis to assess for proteinuria or hematuria. A positive

result can reflect Alport's syndrome. Other tests should be ordered as appropriate, for

example, thyroid function tests and electrocardiogram in suspected Pendred's and Jervell

and Lange-Nielsen syndrome, respectively.

Radiologic Testing

Radiographic studies should be ordered on a case-by-case basis. Few radiographic

findings are pathognomonic of HHI. Bilateral acoustic neuromas are frequently detected

radiographically in neurofibromatosis type 2. If Pendred's or Waardenburg's syndromes

are suspected, a temporal bone CT scan can help to visualize cochlear abnormalities,

such as the Mondini deformity. The most likely presentation of Pendred's syndrome is an

enlarged vestibular aqueduct on the radiographic examination.[65] A CT scan also shows

internal auditory canal aberrations associated with X-linked mixed hearing loss with

stapes gusher, and might reveal cochlear dysplasia. MR imaging with gadolinium

enhancement is the study of choice in patients with a family history of neurofibromatosis

type 2. MR imaging also is used when the hearing loss is progressive but the CT scan is

normal.

Genetic Testing

Consultation with a clinical geneticist is recommended when HHI is first diagnosed or

suspected. A clinical geneticist can assist in making the diagnosis when the findings are

equivocal or subtle, and can provide guidance to the parents in terms of prognosis and

future offspring, and determine what other diagnostic studies are needed. Family

members with hearing impairment and without associated anomalies who exhibit a

mendelian inheritance pattern may gain from a genetic consultation. The geneticist may

be able to confirm nonsyndromic HHI. A subpopulation of the deaf community who

believe that deafness is an alternate lifestyle may refuse genetic consultation for cultural

reasons.

Medical Intervention

Figure 2 illustrates how an otolaryngologist can proceed in a stepwise manner to

evaluate hearing impairment. Once a diagnosis of hearing impairment has been made,

immediate audiologic and educational management should be initiated. Early audiologic

and educational treatment has a strong impact on children's later performance in formal

education. If a diagnosis of hearing loss is made before 3 years, then greater language

proficiency can be achieved. Early identification of hearing-impaired children and

appropriate intervention improve the speech and language development in the affected

children, in consequence improving the likelihood of positive social, emotional, cognitive,

and academic development. Intervention for infants prior to 6 months of age seems to

result in the most favorable outcomes.

            Figure 2. Evaluation for childhood hearing impairment. *A genetics evaluation is

            warranted. Refer to a clinical geneticist or genetic counselor. Consider

            participation in research screening for deafness genes (i.e., connexin-26 gene and

            other genes).

SUMMARY

This article discusses the latest research in the molecular biology and genetics of hearing

impairment and its importance to otolaryngologists. Recent research has led to the

discovery of many of the genes and gene products that are responsible for hereditary

hearing impairment. State mandated screening of newborn infants for hearing loss

ensures that a large number of hearing-impaired children will be detected at a very early

age. Additionally, these children often will be referred to the otolaryngologist for

evaluation of the hearing impairment. It is the otolaryngologist who must gather a detailed

family history and perform a thorough physical examination to fully assess the cause of

the hearing impairment. In taking the family history, it is important to note that the

diagnosis of a hereditary hearing impairment often involves the evaluation of a large-sized

family that has a history of hearing disorders. A history of an affected individual in a small

family does not necessarily support a diagnosis of hearing impairment in later affected

offspring because of the small sample size. Often, a hearing impairment that is part of a

syndrome may not be detected because the physical findings associated with a syndrome

are subtle in a young infant. For example, the white forelock seen in patients with

Waardenburg's syndrome type I cannot be visualized in the infant who lacks hair.

Additionally, some patients with syndromic hearing impairment do not present with

physical findings, but rather they exhibit abnormal laboratory studies. Additional points to

remember include the following:

        As infectious iatrogenic causes of hearing impairment decrease, the relative

     incidence of hereditary hearing impairment will increase. 

        Hereditary hearing impairment can present as an isolated finding, or in

     association with a number of anomalies recognizable as a syndrome. 

        The study of genetics and molecular biology has led to the identification of

     genes associated with hearing impairment and will allow for future screening and

     possible therapy for the hearing-impaired. 

        The screening of newborns for hearing impairment using the techniques of

     molecular biologists and geneticists will result in early identification and

     appropriate intervention for those at risk for hereditary hearing impairment. 

        An understanding of the syndromic and nonsyndromic causes of hereditary

     hearing impairment can help the otolaryngologist make a diagnosis and provide

     appropriate audiologic and educational management to the patient. 

M 
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