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Preface

This volume presents the latest information related to hearing loss, which is among
the most prevalent chronic disabilities worldwide. Nowadays, adequate and prompt
identification and rehabilitation of hearing impairment, whenever possible, is para-
mount because hearing loss can seriously interfere with psychosocial development,
family dynamics, and social interactions. This book has been edited with a strong
educational perspective and provides updates on hearing loss diagnosis and manage-
ment. The book contains the valuable contributions of eleven authors, and its chap-
ters are suitable for graduate students in audiology, otolaryngology, hearing science,
and neurosciences. It is composed of two sections. Section 1 provides updates on
hearing loss and its etiology, focusing on the problems associated with some specific
types of hearing impairment. Section 2 discusses several rehabilitative techniques,
providing some insights into precision medicine.

We would like to thank all the contributing authors for their excellent chapters. We
also thank the staff at IntechOpen, especially Ms. Tea Jelaca for her continuous and
generous assistance during the preparation of this volume.

Andrea Ciorba and Stavros Hatzopoulos
University of Ferrara,
Ferrara, Italy
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Chapter1

Congenital Hearing
Loss — Overview, Diagnosis,
and Management Strategies

Alejandro Santiago Nazario, Sovaya Abdul-Hadi
and Antonio Rieva March

Abstract

Congenital hearing loss, i.e., hearing loss that presents during the perinatal period
from the 20th week of gestation to the 28th day of birth, is a prevalent cause of
physiological and social morbidity in pediatric patient development. Hearing loss may
be hereditary or acquired, with the former including syndromic and nonsyndromic
causes and the latter consisting of infections and ototoxic medication exposure.

With the help of various diagnostic tools and universal newborn hearing screening
programs, many of these patients may be identified early and intervened to improve
long-term outcomes. Interventions may include amplification, otologic surgeries,
cochlear implantation, and brainstem auditory implants.

Keywords: congenital hearing loss, non-syndromic hearing loss, syndromic hearing
loss, neonatal hearing screening, hearing loss due to infections

1. Introduction

Hearing loss may result from disruption at any level of the auditory system.
If the hearing loss results from abnormalities housed in the external ear (e.g., the
auricle, the external acoustic canal) or the middle ear (e.g., the middle ear cavity, the
ossicular chain, etc.), it is deemed a conductive hearing loss. On the other hand, if
the abnormality is located in the inner ear (e.g., the cochlea, the spiral ganglion,
or the distal afferent fibers of the cochlear nerve) or in proximal portions of the
neural component of the auditory system (e.g., the cochlear nerve, higher-degree
neurons in the brainstem projecting to cephalad parts of the auditory system), then
it is called sensorineural hearing loss (SNHL). If both conductive and sensorineural
components explain a patient’s hearing loss, it is considered a mixed hearing loss.
The severity of the loss is categorized by hearing thresholds recorded as decibels. In
pediatric patients, mild hearing loss corresponds to 20-39 dB, moderate hearing loss
from 4069 dB, severe hearing loss from 70 to 89 dB, and profound hearing loss from
values equal to or higher than 90 dB. Congenital hearing loss, i.e., hearing loss that
presents during the perinatal period from the 20th week of gestation to the 28th day
of birth, is a prevalent cause of physiological and social morbidity in pediatric patient
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development. Early diagnosis and intervention are critical to optimize the patient’s
language and social development.

2. Epidemiology

Congenital hearing loss is considered the most common birth defect in the
U.S., with estimates ranging from an average of 1.7 per 1000 infants [1]. However,
not all infants are affected equally. Studies have shown that there are racial and
ethnic disparities in the prevalence of congenital hearing loss, with higher rates
disproportionately affecting minorities and infants from low-income neighbor-
hoods compared to non-Hispanic white infants and those from more affluent
communities [2].

3. Etiologies

Congenital hearing loss may be genetically inherited (50%) or acquired (50%)
after exposure to infections or ototoxic medications. Hereditary hearing loss can be
further divided into syndromic, i.e., as part of a condition involving a constellation of
clinical symptoms affecting a patient, or non-syndromic, i.e., an isolated clinical find-
ing in an otherwise healthy patient.

3.1Inherited syndromic congenital hearing loss
3.1.1 Pendred syndrome

Pendred syndrome is one of the most common inherited syndromic forms of
sensorineural hearing loss, accounting for 5-10% of cases of congenital hearing loss
[3]. It results from mutations in the pendrin gene (SLC26A4/PDS) on chromosome
7q, which codes for a protein pump responsible for transporting chloride, iodine,
and other anions in the cochlea and thyroid follicular cells [4]. Affected patients
usually present during adolescence with bilateral, progressive, and profound SNHL
with or without structural cochlear abnormalities (such as enlarged vestibular
aqueduct and Mondini deformity) [5] and with diffuse thyroid goiter with or without
hypothyroidism.

3.1.2 Waardenburg syndrome

The most common form of autosomal dominant syndromic congenital deafness
is Waardenburg syndrome, accounting for 2-5% of congenital hearing loss cases [6].
Multiple genes have been described as responsible for the phenotype of this syndrome
and involve the PAX3 gene (i.e., paired box 3 transcription factor) located on chromo-
some 2q37, MITF (microphthalmia-associated transcription factor), EDN3 (endothe-
lin 3) and SOX10 (Sry bOX10 transcription factor).

The clinical features of Waardenburg syndrome include unilateral or bilateral
SNHL, pigmentary changes in the skin, hair, or eyes, and craniofacial dysmorphic
features [7]. The pigmentary changes may consist of the following:

* A white forelock (a patch of white hair on the scalp hair).
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* Heterochromia irides (heterogenous coloration of the iris).

* Premature graying of hair.

* Vitiligo.

Additionally, the craniofacial dysmorphic features may include:

* Dystopia canthorum (abnormal position of the medial canthi of the eyes).
* A broad nasal root.

* Synophrys (unibrow).

There are four different variants of Waardenburg syndrome, as summarized in
Table 1.

3.1.3 Usher syndrome

Another common syndrome causing inherited congenital sensorineural hearing
loss is Usher syndrome. It is considered the most common cause of combined inher-
ited vision and hearing loss, and up to 3-6% of cases of congenital hearing loss may
be attributed to Usher syndrome [8, 9]. Mutations in several genes cause it; however,
the most involved gene is MYO7A, which codes for a myosin protein in various tissues,
most notably in the cochlea and retina [10]. Aside from SNHL, it is associated with
retinitis pigmentosa (hereditary retinal dystrophy) and may be associated with or
without vestibular system abnormalities. Retinitis pigmentosa initially manifested by
nyctalopia (night blindness), progressing to peripheral vision impairment, and finally
leading to blindness. Evaluation by an ophthalmologist is critical in the management
of Usher syndrome.

There are four different types of Usher syndrome, as summarized in Table 2.

3.1.4 Branchio-oto-renal syndrome (Melnick-Fraser syndrome)

Branchio-oto-renal syndrome is an autosomal dominant inherited condition with
complete penetrance and variable expressivity characterized by congenital hearing

Waardenburg syndrome types Pattern of inheritance Clinical features

Typel Autosomal dominant Sensorineural hearing loss, heterochromia
irides, white forelock, patchy
hypopigmentation, dystopia canthorum

Typell Autosomal dominant Type I, but without dystopia canthorum
Typelll Autosomal dominant Type I with microcephaly, musculoskeletal
abnormalities, intellectual
disability
TypelIV Autosomal recessive Type Il with Hirschsprung disease
Table1.

The four subtypes of Waardenburg syndrome.
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Usher syndrome types Pattern of inheritance Clinical features

Typel Autosomal dominant Most severe phenotype, clinical presentation
during childhood, sensorineural hearing loss,
vestibulopathy, retinitis pigmentosa

Type Il Autosomal dominant Most common subtype, clinical presentation during
adolescence, no vestibulopathy, retinitis pigmentosa

TypeIll Autosomal dominant Similar clinical features as Type I Usher syndrome
but with milder symptoms

Table 2.
The three major different subtypes of Usher syndrome.

loss (may be conductive, sensorineural, or mixed), external ear deformities, branchial
cleft anomalies, and renal abnormalities [11, 12]. The genetic mutations involve the
EYA1 gene, intimately involved with the embryonal development of the auditory
system, branchial arches, and the genitourinary system.

3.1.5 Jervell and Lange-Nielsen syndrome

Jervell and Lange-Nielsen syndrome is a rare genetic disorder resulting from muta-
tions in the KCNQ1 or KCNE1 genes affecting the p-subunit of connexin 26 located in
the marginal cells of the stria vascularis and heart, leading to sensorineural hearing
loss and long QT syndrome [13]. This syndrome accounts for less than 1% of cases of
congenital hearing loss. Episodes of arrhythmias characterize this syndrome due to a
defect in cardiac conduction that can even terminate with sudden death. The degree
of hearing loss is variable; however, it is usually severe to profound.

3.1.6 Other syndromes

These are just a few examples of the syndromes that can cause congenital hear-
ing loss. Other syndromes associated with hearing loss include Alport syndrome,
Treacher-Collins syndrome, CHARGE syndrome, and Stickler syndrome, as detailed
in Table 3 [14, 15].

3.2 Inherited nonsyndromic congenital hearing loss

Non-syndromic hereditary hearing loss can result from a functional or structural
abnormality. Loss of function commonly results from mutations in proteins involved
in the processing of sound signals. These conditions are inherited in an autosomal
recessive manner in 80% of cases, and the remaining 20% in an autosomal dominant
manner. Mutations in GJB2, which encodes for connexin 26, a gap junction protein
that facilitates communication between cells in the stria vascularis, cause 50% of all
autosomal recessive cases, leading to severe-profound bilateral sensorineural hearing
loss [16]. Mutations affecting otoferlin are another important cause of non-syndromic
SNHL. This transmembrane protein plays a crucial role in inner hair cell glutamate
exocytosis at the synapse with the cochlear nerve ends [17].

On the other hand, structural malformations lead to hearing loss by disrupting
the pathway of soundwaves. These malformations can affect the external, middle, or
inner ear and can occur in isolation or as part of a syndrome. Examples of structural
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Clinical Predominant pattern Clinical key points

syndrome of inheritance

Alport X-linked pattern Progressive, bilateral SNHL resulting from defective collagen
syndrome type IV synthesis (present in the basement membranes of the

inner ear and kidneys).

Hearing loss occurs before the onset of kidney insufficiency.
Renal disease results from progressive glomerulonephritis,
mostly ending at end-stage renal disease.

Treacher- Autosomal dominant Autosomal dominant craniofacial condition affecting the bones
Collins and tissues in the face leading to deformities of the ears, eyes,
syndrome zygomatic bones, and chin, i.e., structures derived from the first
(Mandibular and second pharyngeal arches during embryologic development.
Facial Malformations of the ear may include microtia and aural meatal
Dysostosis) atresia leading to conductive hearing loss; however, bilateral

SNHL may also be possible.

CHARGE Sporadic (not C (coloboma of the eye)
syndrome inherited) H (heart disease)
A (atresia of choanae)
R (development and growth retardation)
G (genitourinary abnormalities)
E (ear abnormalities)
The ear malformations may be associated with conductive or
SNHL and are usually asymmetric.

Stickler Autosomal dominant Hearing loss, ocular abnormalities (e.g., retinal detachment,

syndrome cataracts, and myopia), bone and joint abnormalities (e.g.,
arthritis and joint hypermotility), and Pierre Robin sequence.
Hearing loss is usually progressive sensorineural but also can
be conductive due to abnormalities in the middle ear. There are
several types of Stickler syndrome (Type 1, type 2, and type 3)
due to mutations in different genes.

Table 3.
Other syndromes associated with congenital hearing loss.

abnormalities leading to conductive hearing loss include: microtia, where the external
ear is dysplastic or absent; stenosis or atresia of the external auditory canal; anoma-

lies of the ossicular chain; and congenital cholesteatomas, which are benign tumors

of keratinizing epithelium found in the middle ear cavity and can result in chronic
inflammation. Sensorineural hearing loss can result from cochlear malformations such
as enlarged vestibular aqueduct, cochlear hypoplasia, dysplasia, or aplasia. The most
common cochlear anomaly is Mondini dysplasia, also known as type II dysplasia, where
the cochlea has one and a half turns instead of the normal two and a half turns [18].

3.3 Acquired congenital hearing loss due to infections

Hearing loss can be caused by infections occurring before or after birth. Therefore,
infections play a major causative role in acquired congenital hearing loss, particularly
TORCH infections, which include Toxoplasmosis, Other (such as Syphilis, Varicella-
Zoster virus, Hepatitis B virus), Rubella, Cytomegalovirus, and Herpes simplex virus.
Although we will only mention a few examples, many other viruses are associated
with congenital hearing loss, including Lymphocytic choriomeningitic virus, Measles,
and Human immunodeficiency virus [19].
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3.3.1 Cytomegalovirus infection

The most common cause of non-genetic congenital sensorineural hearing loss is
congenital infection with cytomegalovirus (CMV), a member Herpesviridae family,
which causes up to 40% of cases [19]. CMV infection in newborns is notorious for
affecting the auditory system, as it is also the most common sequelae caused in this
patient population. Contrary to other otologic viral pathogens (e.g., Rubella), mater-
nal immunity does not confer immunity against vertical transmission to the fetus
[20]. Thus, it may be transmitted through the placenta or by direct contact with infec-
tious body fluids during labor or while breastfeeding. Hearing loss correlates with the
degree of viral load and results from both, direct cytopathic effects of viral inclusions
bodies and indirect effects induced by the host’s inflammatory response to the virus in
the inner ear and cochlear nerve [19].

Primary CMV infection during pregnancy poses a 40% risk of intrauterine trans-
mission. Approximately 90% of infants are asymptomatic at birth, but approximately
15% will develop hearing loss eventually. Therefore, asymptomatic babies can develop
hearing loss several years after birth, making the diagnosis of congenital CMV infec-
tion challenging. On the contrary, symptomatic babies at birth can have the following:
microencephaly, low birth weight, premature birth, jaundice, development delay,
hepatosplenomegaly, petechiae, chorioretinitis, thrombocytopenia, hyperbilirubi-
nemia, anemia, and hearing loss. The diagnosis in newborns requires a high index of
suspicion by the clinician and is made by detection of CMV DNA in the urine, saliva
or blood during the first 3 weeks of life [21].

3.3.2 Toxoplasmosis infection

Toxoplasmosis is caused by an intracellular protozoan parasite, Toxoplasma
gondii, that infects humans and animals. Toxoplasmosis is acquired by exposure to
cat feces, meat, soil, and water contaminated with the parasite. Intrauterine transmis-
sion can result in congenital hearing loss due to damage caused by the inflammatory
response in the cochlea and cochlear nerve. This response its mainly triggered by the
tachyzoite form of the parasite during active infection [22]. The cystic form (dormant
form) of the parasite is not associated with pathological findings. The risk of SNHL
following congenital Toxoplasmosis infection has been reported to be 27%, with
patients having a 5-fold increased risk of abnormal neonatal hearing screening results
compared to non-infected patients [23].

The primary infection during pregnancy carries a 30-50% risk of intrauterine
transmission. However, 85% of infants with congenital toxoplasmosis at birth are
asymptomatic. The manifestations of congenital toxoplasmosis include micro/macro-
cephaly, hydrocephalus, cerebral calcification, chorioretinitis, hepatosplenomegaly,
jaundice, anemia, thrombocytopenia, petechiae, and lymphadenopathy. The diag-
nosis will require a high index of clinical suspicion plus positive laboratory serologic
findings. Although treatment is not standardized, it is recommended that children
receive treatment with pyrimethamine and sulfadiazine [24].

3.3.3 Rubella infection

Rubella virus, a member of the Togaviridae family of viruses, is another pathogen
responsible for causing sensorineural hearing loss. It occurs as part of the broader
Congenital Rubella Syndrome, which involves cataract formation, cardiac anomalies,
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intellectual disability, a characteristic “blueberry muffin” rash, and SNHL. First,

the primary infection of an unvaccinated mother occurs during pregnancy, with
subsequent vertical transmission to the fetus through the placenta. Following viremia,
the virus invades the inner ear and directly damages the stria vascularis and Organ

of Corti in the cochlea leading to SNHL [19]. If the pregnant mother is infected
during the first 11 weeks of pregnancy the chance of congenital rubella syndrome is
approximately 90%. Fortunately, Congenital Rubella Syndrome has plummeted since
widespread vaccination programs against the Rubella virus began [25]. The Centers
for Disease Control and Prevention (CDC) in the United States suggests administer-
ing the rubella vaccine, as part of the combined measles, mumps, and rubella (MMR)
vaccine, between 12 and 15 months, followed by a booster shot at 4 to 6 years old.

3.3.4 SARS-Co V-2 infection

Coronaviruses, a family of enveloped, single-stranded RNA viruses, have the
ability to invade the cranial nervous system through both anterograde and retrograde
transport from nerve endings [26]. The recent epidemic caused by SARS-CoV-2,
which emerged in 2019, has been linked to hearing loss in certain adults [27].
However, the impact of intrauterine transmission of SARS-CoV-2 on the inner ear
development in embryos is still unclear. Despite limited research in this area, several
retrospective multicenter cohort studies have investigated whether exposure to
COVID-19 in utero increases the risk of hearing loss in infants. To date, these studies
suggest that intrauterine exposure to COVID-19 is not a risk factor to the development
of hearing loss [27-29].

3.4 Acquired congenital hearing loss due to ototoxic medications

Another important cause of acquired congenital hearing loss is ototoxic medication
exposure. For example, aminoglycosides (antibiotics commonly used to treat severe
neonatal infections such as meningitis) are notorious for causing sensorineural hear-
ing loss. Cochlear hair cells are terminally differentiated cells without the capability
of regenerating following insults. Drugs may reach the inner ear through the blood-
labyrinth barrier or topically through the middle ear and the round or oval windows.
However, regardless of how they reach the inner ear, aminoglycosides tend to concen-
trate in the endolymph of the inner ear and cause direct cytotoxic damage through the
chelation of iron, the increased signaling of NMDA receptors, and creation or reactive
oxygen species, ultimately affecting the stria vascularis and outer hair cells [30].

As it more commonly affects the inner row and basilar turn of the cochlea first and
later progresses towards the apex, ototoxicity caused by aminoglycosides manifests
as high-frequency hearing loss. Other medications can also induce SNHL, such as
systemic chemotherapy (e.g., cisplatin), macrolides antibiotics, salicylates, and loop
diuretics.

4. Screening and diagnostic approach

A child who is deaf or hard of hearing in infancy is at increased risk for delays
in speech and language development, academic achievement, and social outcomes
without early recognition [31]. Before the advent of universal neonatal screening pro-
grams, the average age of diagnosis of congenital hearing loss was two years old [32].
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U.S. states and territories, as well as other international jurisdictions, have imple-
mented Early Hearing, Detection, and Intervention (EHDI) programs to maximize
the number of newborn patients screened for hearing loss [33]. The specific goals
by age are summarized in the “1-3-6” guideline, i.e., screening all newborns within
1 month of age, evaluating and establishing a diagnosis in all newborns that failed
the hearing screening tests within 3 months of age, and starting therapeutic hearing
intervention within 6 months of age in those patients with confirmed hearing loss.
These interventions have been correlated with improved language outcomes.

4.1 Neonatal hearing screening

The screening consists of two electrophysiological tests that must permit
detecting hearing thresholds deficits of equal or more than 35 dB and that may
be used in infants less than or equal to 3 months of age, e.g., Automated auditory
brainstem responses (AABR) and Otoacoustic emissions (OAE) [34]. The most
commonly used test for neonatal hearing screening is the AABR, which estimates
the integrity of the entire auditory pathway by using a series of electrodes placed
in the patient’s skull to detect electrical signal changes recorded as a waveform
in response to 35 dB click. In AABR, the generated waveform from the patient is
compared to that of a standard control sample. Like the conventional auditory
brainstem response (ABR) test, the generated waveform consists of a series of
peaks corresponding to different events in the auditory pathway. However, the
comparison in AABR is made in an all-or-none binary fashion, with a pass-fail
type of result. Thus, even though the estimated accuracy for identifying patients
with decreased hearing thresholds under 35 dB between an AABR and an Auditory
Brainstem Response is 98% [35], further characterization of the hearing loss must
be done after a neonate fails a test.

Otoacoustic emissions (OAE) is another commonly employed objective screening
test, which registers changes in the tympanic membrane compliance in response to
acoustic signals generated from the cochlea’s outer hair cells. It is worth mentioning
that the middle ear must be cleared of existing pathologies (e.g., middle ear effusion)
to use OAE as an indicator for cochlear function. Both tests, AABR and OAE, are
performed sequentially [34].

4.2 Evaluation of an infant after a failed hearing screening test

Providers must conduct a comprehensive audiological assessment for patients who
do not pass the screening test, including otoscopic examination, audiometric tests,
and Auditory Brainstem Responses.

The otoscopic evaluation may reveal important causes of hearing loss, including
external ear canal stenosis or middle ear effusion. Concerning audiometric testing,
providers must tailor these tests based on the patient’s neurodevelopmental age. For
instance, trained audiologists can conduct a Behavioral Audiological evaluation for
patients younger than 6 months. During this examination, patients are placed ina
sound-controlled room and are presented with various tone stimuli, such as speech
and warbled tones, through an earphone. The audiologist records the patient’s mini-
mal response level (MRL), which may include behaviors like eye widening and head
movements and traces the patient’s response as a function of the frequency at which
the stimuli were presented, which ranges from 500 Hz to 4000 Hz. However, due to
the subjective nature of this evaluation and its inherent variability, other objective
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audiological assessments are more commonly utilized in this patient population, e.g.,
Auditory Brainstem Responses.

Visual Reinforcement Audiometry is another audiological evaluation used to
screen for congenital hearing loss in children, although suitable for patients older than
6 months but younger than 30 months. This test involves placing the patient in a sound-
controlled environment like a Behavioral Audiometric evaluation. However, operant
conditioning is employed by associating different sound levels with a playing video or
moving toy, creating a conditioned behavioral response (e.g., head movements).

Upon objective confirmation of hearing loss, patients require further investiga-
tions and ongoing monitoring [36]. It is imperative to conduct genetic testing to
identify common genetic mutations associated with congenital hearing loss with
an unknown etiology. Prompt screening for potential causative infections, such as
cytomegalovirus, is also essential. Obtaining head and neck imaging studies, includ-
ing Computerized Tomography (CT) and/or Magnetic Resonance Imaging (MRI), is
highly recommended to assess the presence of structural ear abnormalities and other
pertinent features (e.g., state of cochlear nerves to evaluate candidacy for cochlear
implants, later detailed). Moreover, considering the increased likelihood of accompa-
nying ophthalmological abnormalities, an ophthalmological evaluation is advised for
individuals with congenital sensorineural hearing loss.

5. Management strategies

Management of congenital hearing loss is done by providing the best hearing ampli-
fication option personalized to the specific auditory necessity of a given patient. It is
also primarily dictated by addressing what caused it in the first place. Early intervention
with hearing amplification (ideally before 6 months of age) is critical for infants with
congenital hearing loss for their language and communication development.

5.1 Nonsurgical management
5.1.1 Hearing amplification

Hearing aids are small electronic devices that amplify sound and deliver it to the
ear, and in infants, they may be used as young as a few weeks old. They consist of a
microphone, an amplifier, and a speaker. For infants with hearing loss, the behind-
the-ear (BTE) hearing aid is preferred as it is cheaper (parents only need to change
the ear mold as the external ear grows) and a safer (lower risk for swallowing)
alternative to in-the-ear (ITE) hearing aids. Fitting should be done every 3 months
during the first 2 years of use due to the relatively rapid remodeling that the external
ear undergoes during development [37]. The clinician and the audiologist should be
aware that infants (children younger than 2 years), children from mothers with no
college education, and children with mild hearing loss have been known to report less
compliance with hearing aid daily use. Thus, increased surveillance and intervention
is required to avoid poor outcomes in these patients.

5.1.2 Assistive listening devices

Assistive-learning technologies (e.g., personal amplifiers, FM systems) are
devices consisting of a microphone and a speaker that aim to optimize the acoustic
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signal-to-noise ratio that patients experience during spoken language [38]. It may
be particularly useful in specific situations like, for example, for children strug-
gling in their academic performance due to poor comprehension. In these situ-
ations, the teacher would have a microphone and the student would possess the
assisted listening device in the better hearing ear, in conjunction with his or her
hearing aid.

5.1.3 Auditory-verbal thevapy

Auditory-verbal therapy is a type of therapy that serves as adjuvant therapy to
hearing aids, cochlear implants, or assistive listening devices to improve spoken
language skills. It has been shown to increase receptive language skills and improve
speech production in infants with hearing loss [39]. Therapies involve the patient and
his or her family, which play a central role. A trained speech and language pathologist
conducts the therapy, or other trained personnel (e.g., a teacher for the deaf, audiolo-
gist) excludes non-verbal means of communication (e.g., sign language) to achieve
competency in spoken language.

5.2 Surgical management
5.2.1 Otologic surgeries

The appropriate management approach primarily of congenital conductive
hearing loss revolves around addressing the underlying causes of the hearing
loss [40]. For instance, in external auditory canal atresia without ossicular chain
pathology, patients may benefit from remodeling the external canal shape through
an atresiaplasty after they reach 6 years of age. For patients with microtia who
have significant hearing loss and psychological distress from cosmetic deformity,
surgical intervention can provide substantial benefit. Alloplastic implants, i.e.,
made from artificial materials, can be used as early as 3 years of age. If the option
of using autologous rib harvest is being contemplated, it is generally preferred to
wait until the patient’s ear reaches full adult size, which typically occurs around
the age of 6 years. If the tympanic membrane or ossicles house any abnormality
that would deem them amenable for surgical correction (e.g., chronic suppurative
otitis media, ossicular chain fixation), a tympanoplasty with or without ossicular
chain reconstruction, for example, may be indicated to restore the function of the
middle ear.

A common finding in neonates that fail newborn hearing screening is Otitis Media
with Effusion. The Academy of Otolaryngology and Head and Neck Surgery recom-
mends ensuring adequate follow-up for neonates failing the newborn hearing screen-
ing with Otitis Media with Effusion, as it does not necessarily rule out the possibility
of another co-existing cause of hearing loss [41]. Usually, otitis media with effusion
resolves by itself within three months. For those patients who do not resolve after
such a period, tympanostomy with ventilation tube placement can be considered.
Additionally, for patients with congenital aural atresia, other forms of congenital
conductive hearing loss not amenable to the surgeries mentioned above, or sensori-
neural hearing loss not amenable to cochlear implants, a bone-anchored hearing aid
(BAHA) provides an excellent alternative [42]. It involves an osseointegrated titanium
implant inserted into the temporal bone and a percutaneous abutment for the bone-
conduction hearing aid.
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5.2.2 Cochlear implantation

Patients with profound bilateral sensorineural hearing loss and an intact cochlear
nerve may be candidates for cochlear implantation [43]. In the United States, the
Food and Drug Administration (FDA) has approved cochlear implants for patients
as young as 9 months of age, with device-specific approval granted recently [44].
Lowering the minimum age for consideration is supported by evidence show-
ing that early implantation enhances quality of life, improves language skills, and
promotes auditory development. Bilateral cochlear implantation is advocated as it
further improves language skills and sound localization. The anatomy and integrity
of the vestibulocochlear nerve are confirmed through imaging, including Magnetic
Resonance Imaging (MRI) and Computerized Tomography (CT) scans of the tem-
poral bone. Prior to surgical consideration, patients should be up to date with their
vaccinations.

5.2.3 Brainstem auditory implantation

In cases with profound sensorineural hearing loss in which the cochlear nerve is
absent or damaged or in cases where cochlear implantation cannot be done, an audi-
tory brainstem implant (ABI) can be considered [45]. The implant is placed along the
lateral recess of the fourth ventricle, and its electrode directly stimulates the cochlear
nucleus, effectively bypassing the vestibulocochlear nerve and more distal portions
of the auditory apparatus. In the United States, ABIs are only approved for patients
older than 12 years of age and suffer from Neurofibromatosis type 2, a rare condi-
tion caused by mutations in the Merlin protein gene located in chromosome 22 that
results in multiple nerve tumors, including bilateral vestibular nerve schwannomas.
However, in recent years other applications have been described, such as in post-men-
ingitis bilateral total ossified cochlea, various inner ear malformations, and trauma.

6. Conclusions

Congenital hearing loss is a common factor contributing to both physical and
social challenges in the development of pediatric patients. This type of hearing loss
can be either inherited or acquired, with inherited causes encompassing syndromic
and non-syndromic, while acquired causes include infections and exposure to
ototoxic medications. Through the utilization of various diagnostic tools and the
implementation of universal newborn hearing screening programs, many of these
patients can be identified early on and receive appropriate interventions to enhance
long-term outcomes.
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Chapter?2

Auditory Neuropathy

Alenka Kravos

Abstract

Some patients visit the doctor because of hearing problems in noise. The hearing
examination, however, does not show any specifics. Only an extended and targeted
investigation leads to the suspicion of auditory neuropathy, which means altered
temporal coding of the acoustic signal and explains the problems. Additional
investigations show pathology of the synapse between the inner auditory sense and
the auditory nerve or the process of conduction along the nerve. The combination of
otoacoustic emissions and the auditory brainstem evoked potentials investigations
raises the suspicion of auditory neuropathy. Auditory neuropathy occurs in both
children and adults. In children, the diagnostic procedure is quite difficult.

Keywords: auditory nerve, inner hearing cell, synapsis, auditory brainstem responses,
otoacoustic emissions

1. Introduction

Auditory neuropathy (AN) is a hearing impairment which can be recognized
by deteriorated speech perception, while pure-tone detection thresholds remain
relatively preserved. Affected individuals usually performed abnormal or no
auditory brainstem responses (ABR), but normal otoacoustic emissions (OAE).
This numerous groups of disorders described as “auditory neuropathy” includes
abnormal function of peripheral synaptic sound processing by inner hair cells
(synaptopathy) and/or of the generation and spread of action potentials in the
auditory nerve (neuropathy). Audiological attributes of AN suggest that it is most
certainly caused by the disturbed function of inner hearing cells (IHC) and/or
spiral ganglion neurons. Meanwhile, the function of outer hearing cells (OHC)
remains normal. This leads to a divergence between the hearing level thresholds
and speech audiogram [1].

In neonates, AN can be seen as congenital sensorineural hearing loss (SNHL) of
various degrees, usually bilateral with absent or abnormal ABR and mostly preserved
otoacoustic emissions (OAE) and/or cochlear microphonics (CM).

In older children, AN is considered as a state where speech understandability is
worse than should be expected based on behavioral audiograms while speech compre-
hension/discernment is poor.

During later lifetime we can recognize AN in affected individuals as a dysfunction
of hearing with moderately good results in hearing level measures and bad compre-
hension abilities especially in loud and/or noisy environments.
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2. History

AN is a relatively new audiology disease because some worthwhile methods and
electrophysiologic equipment had to be developed for the exact assessment of the
auditory pathway. Research in this field started after ABR for assessment of the inner
ear were invented. Researches started in 1974 by Hecox and Galambos [2].

The term AN was first used in audiology in the 1980s, following the observation of
adult patients who had a feeling of deteriorated hearing level despite their measured
hearing levels were within normal range. They had difficulty detecting the sounds,
especially in a noisy environment [3]. The term “auditory neuropathy” was till then
considered as a part of the clinical picture of hereditary sensorimotor neuropathy [4].
AN as an audiological dysfunction was an object of scientific investigation of Starr. He
observed that some patients with hearing problems in noisy environment had normal
OHC function but their transmission of sound was impaired [5]. He did some elec-
trophysiologic research and found out that the main pathology was not represented at
the level of sound detection, by its transduction through the auditory pathway.

Later AN was identified in the pediatric population a few years later on the basis
of bad cochlear implantation results. That was after initiating neonatal hearing
screening [6].

Infants and adults without central nervous system disease got the diagnosis
confirmed by measuring OAE, ABR, and CM [6-8]. At that time, OAE began to be
routinely used. Similar results have assessed the investigations were also carried out in
children with delayed speech development.

Today ABR remains the gold standard for objective hearing assessment with a
new function in diagnostic procedure in people with listening problems in noisy
environments and children with delayed speech development. In modern audiological
diagnostic procedure difunctional parts in auditory pathway, including internal hair
cells, auditory nerve fibers, auditory neurons in the spiral ganglia, or a combination of
these can be determined [9].

3. Spectrum disease

In the future, some authors propose to rename AN into auditory neuropathy spec-
trum disease (ANSD) regarding a wide range of possible etiologies. Most importantly,
many specific etiologies are identified as causing AN [10, 11]. We do not agree with
the nomenclature of spectrum disease regarding that the main pathologies come from
synaptic dysfunction [12]. We suggest using the term postsynaptic and presynaptic
AN regarding the site of the lesion.

4. Pathophysiology

Examination of temporal bones in subject’s postmortem with diagnosed AN
showed that the number, as well as appearance of inner and outer hair cells, remained
normal. Auditory ganglion cells and nerve fibers, however, were both reduced in
number and demyelinated [13]. Loss of auditory nerve fibers attenuated neural input
while demyelination affected the synchrony of neural conduction. We suggest that
the loss of auditory nerve fibers and altered neural transmission, due to the reduction
of neural synchrony, contribute to the abnormalities of ABRs and hearing.

20



Auditory Neuropathy
DOI: http://dx.doi.org/10.5772/intechopen.1002545

The conversion of mechanical energy into a molecular change by IHC is the
catalyst that initiates an electrical signal which travels along the acoustic neuron.
Mechanical energy is generated by the undulation of the tectorial membrane, which
begins the process of binding calcium molecules to receptors. This causes the release
of neurotransmitters in synapses [14]. The signal then travels further along the
peripheral axon of the sensorineural ganglion (SNG) from the synapse towards the
central nervous system (CNS) [15]. SNGs are bipolar neurons, frequency-tuned by
IHC so that tonotopy is preserved even at higher levels during transmission to the
CNS. The effectiveness of coding relies on fast and accurate signal generation in the
auditory nerve [16]. The process is called transduction and an error at any stage of
the transmission of the acoustic signal means AN.

5. Temporal processing

The auditory system can transmit and process temporal information. This is the
so-called temporal processing of sound. Precise detection of the temporal features of
sounds is basic for speech perception. This process takes a great metabolic demand
because very short electrical phenomena are necessary to achieve the speed which is
needed to conduct and transform all the information that is hidden in the incoming
sound. Auditory nerve fibers are capable of processing phase-locked signal outcom-
ing from the movement of IHC stereocilia. Two movements are possible, backward
and forward. They open or close ionic canals for cation influx. That makes temporal
fine structure processing possible. Studies of temporal processing abilities are done by
measuring gap detection threshold by noise-burst stimuli. Gap detection is lowered
in AN. Temporal processing takes a great metabolic consumption because very short
electrical parameters are necessary to achieve rapid temporal processing. IHC and
auditory neurons have such characteristics, they have high conductance in the resting
state. Any structural deficit in this area enables this high conductance and leads to
asynchrony. In AN temporal processing is disrupted mostly as a consequence of
asynchronicity. That does not affect the sensation of tone. The temporal processing is
important for speech comprehension, localization of sounds, and separating signals
from ground noise [3]. The temporal envelope of a sound-how it changes over time
is basic for speech perception. It is measured by noise-burst stimuli which represent
a very sophisticated way of scientific research. It is measuring how sound changes in
amplitude over time. Auditory evoked potentials measure the millisecond-by-milli-
second activity of a population of neurons as a form of auditory perception. Time is a
parameter to identify and dissolve auditory streams. Deficits in temporal processing
were also detected in children with dyslexia and autism. It is also a part of age-related
hearing deterioration.

Demielinisation is expressed to a greater extent than the loss of the number of
axones [10, 17, 18]. This is the case of type I neuropathy [17], where a concomitant
peripheral neuropathy exists which can be hereditary or inflammatory in origin [18].
Another option is type II where the hearing loss is isolated [19].

In AN temporal processing is the major defect and is the reason for the major
events in AN. These are clear hearing in a noisy background, sound localization, and a
good understanding of spoken language [20].

AN appears to consist of several varieties depending on the site of the lesion of
temporal processing [1] presynaptic in inner hair cell ribbon synapses, [2] postsynaptic
in auditory nerve dendrites, and [3] postsynaptic in auditory nerve axons.
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6. Prevalence

The prevalence of ANSD in children diagnosed with severe to profound hearing
loss is uncertain. It ranges from 1 to 14% of hearing-impaired persons, while the
prevalence of auditory neuropathy in the non-risk population is unknown [21].

Among neonates from the intensive care unit, it is much higher and is assumed to
be up to 30% of hearing-impaired neonates [22].

7. Etiologies

Because the auditory pathway is long and complexly constructed, there are poten-
tially many possible sites for error in signal transmission and thus AN. Because AN is
a transduction problem (temporal processing) the site of lesion must be somewhere
post or presynaptic or in the nerve where transduction takes place. So there is a range
of possible sites of pathology. Transduction in IHC means converting mechanical
energy into a molecular signal for the entry of cations into IHC. After the invasion,
the cell is depolarized, allowing calcium influx through calcium channels. The pairing
of presynaptic ribbon synapse calcium channels between the IHC and the nerve
releases glutamate into the synapse. Dysfunction at any level of transduction can
disturb the coding of the acoustic signal.

Besides many possibilities of localization of pathological changes in anatomic
structures and function in IHC, synapse, there are also many possible etiologi-
cal factors. They can be divided according to the time of occurrence (prenatal,
postnatal, later), the site of the defect according to the anatomy (presynaptic,
postsynaptic, axonal), according to the origin of the nox (genetic or non-genetic).
The distributions are mixed. 50-60% of children with AN will have significant
birth histories. The remaining 40-50% of cases should be explained by a genetic
disorder.

Birth histories are pre, peri, and postnatally.

Prenatally they are genetic, morphogenetic failures (cochlear malformations),
fetal mumps infections, rubella and cytomegalovirus, and dysmaturity.

Perinatally they are hypoxia and mechanical ventilation.

Postnatally they are also genetic with a delayed onset of the clinical picture,
prematurity, icterus, septicemia, ototoxic drugs and meningitis [23].

8. Genetic etiologies

Many gene defects (IHC, Synapses between IHC and auditory nerves) are respon-
sible for the development of AN [24-26]. This diversity is also responsible for the
diversity in the clinical presentations of AN and for variations in therapy success.
Genetic analysis predisposes to predict c, as well as the variations in cochlear implan-
tation (CI) success. By direct stimulation of the cochlear nerve, the CI enables the
bypass of the defective synapse. However, if the defect is more centrally postsynaptic,
CI supplementation may be less successful.

A. These may code some deficits in glutamate metabolism in synaptic vesicles, the
influx of synaptic Ca, and can alter synaptic vesicle turnover.
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1.OTOFERLIN (OF). OF can have a range of possible genetic mistakes because
itis a very compleksly formed protein important in presynaptic membrane
fusion. It is the most important mutation in synaptopathies [27]. Its role is in
bindings ions in exocytosis of synaptic vesicles and fusion [28].

OF mutations are multiple and represent 3.5% of hearing impairments. Patients
have normal OAE response, abnormal ABR, and normal balance. Clinical pictures
in OF mutations with different clinical pictures and results of electrophysiological
measurements.

OHC is normal, but IHC is dysfunctional regarding the malfunctioning ribbons in
the synapse [29].

2.CACNA1D gene defines the structure of the Ca2+ channel important for the
glutamate release in the synapse [30]. These channels are located in OHC, IHC,
and cardiomyocytes and these gene defects present a syndrome called “sino-
atrial node dysfunction and deafness” (SANDD syndrome) [31].

3.CABP2 gene is involved in Ca channel regulation for glutamate release. It
can be a part of profound prelingual deafness and with Marfan phenotype
expression [32].

4.SLC17A8 gene defines another vesicular glutamate transporter type 3
(VGIuT3), which regulates glutamate uptake in synapses [33].

5.12q22-q24 gene mutation defines congenital deafness at DFNA25 locus
associated with mutations of SLC17A8 [34, 35]. Neonates have progressive
SNHL located in high frequencies. CI demonstrates very good therapy deci-
sions [36].

B. Postsynaptic genetic synaptopathy. Their clinical appearance can mimic neu-
ropathies (dendritic), afferent nerve axons, or nerve demyelination problems.
Transmission of nerve impulse is disrupted.

1. OPA1 mutations combine two options. As solitary nonsyndromic dominant
optic atrophy (DOA) form [37] or the syndromic DOA form associated with
hearing impairment due to the degeneration of the terminal nerve fiber [38].

Hearing loss is moderate to profound. DOA is in 60% as syndromic combining
hearing loss, sensorimotor neuropathy, myopathy, and ataxia [39].

2.ROR1 gene defines the receptor tyrosine kinase-like orphan 1 located in
plasma. It is important for neural growth. It is an important factor in lowered
number of nerve fiber of the auditory nerve. It is XXX fan synaptopathy [40].

3. ATP1A3 gene defines the morphology of the transmembrane Na/K-ATPase
pump. The patient has cerebellar ataxia, pes cavus, optic atrophy, areflexia,

and SNHL, called CAPOS syndrome [41-43].

Overall in both synaptopathies, good CI outcomes were reported [43].
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C. Neurone conduction neuropathies

AN easily occurs in the context of other peripheral nerve disorders, leading to
various syndromic conditions.

1. Charcot-Marie-Tooth is the most common sensory-motor neurological disease,
where it is a defect of myelination. Deafness is sensorineural with disproportion-
ally worse speech understanding compared to the measured hearing threshold
values. Histologically, the neuronal cell is normal, myelination is pathological.
Assessment of hearing rehabilitation after CI gives as poor results [44, 45].

2.Spino-Cerebellar Ataxia (Friedreich’s) Hereditary Motor and Sensory Neuropa-
thy. Patients have ataxia with a range of progressive features including axonal
degeneration of sensory nerves [46].

3. Synaptopathy and neuropathy Pejvakin, encoded by DFNB 59 gene in hair cells
and neurons, acts as a sensor that activates autophagy in case of oxidative stress
such as noise-induced damage [47].

Other etiologic factors besides genetics are multiple.

The most prevalent etiologic factor besides genetics is hyperbilirubinemia reported
in 10-50% of cases in some studies [48]. Hyperbilirubinemia is the most common cause
of AN, especially in its unbound form bilirubin (BR) is very neurotoxic. But fortunately,
very high levels of BR can be neurotoxic. Anoxia, prematurity, and low birth weight can
predispose to toxic effects of BR in even lower levels. AN can be also a transient one and
the hearing level can become normal after the period of time (12-18 months), if BR are
corrected to normal level and the child is not a carrier of gen for deafness [49].

Anoxia is the second most important factor in inducing AN. It affects IHC and
OHC in different matters. Mild chronic hypoxia causes damage to the IHC, and acute
anoxia affects them all. Prematurity is a typical state of mild chronic hypoxia, a well-
known anamnestic data in evaluating children with AN [50].

Other etiologic factors may be morphologic developmental changes [51], toxic-
metabolic disorders [52]; infections (e.g., meningitis), inflammation (e.g., siderosis),
neoplasms (e.g., acoustic neuroma), genetic mutations affecting neural functions [13]
and ribbon synapse function [12].

9. Hidden hearing loss (HHL)

It is a kind of hearing impairment by which the clinical picture of hearing dys-
function expresses only in challenging auditory conditions (noise, less or rapidly
articulated speech). Audiograme and BERA are normal in a quiet environment. There
is a defect in auditory fibers which have defects in responding to sounds of high-
intensity sounds [53-55].

10. Clinical expression of AN

AN refers to a range of different audiological profiles. They are associated with
specific changes in auditory perceptions depending on pathologic alteration of
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managing the spread of acoustic signals. These changes influence speech sensation,
space localisation of sound, and perception of sounds in noise [56].

The typical clinical picture of the affected subjects presents speech discrimination
difficulties, particularly in background noise, that is out of proportion compared
to their pure-tone detection thresholds. AN is usually bilateral. The hearing levels
in audiometric exam may very fluctuate as much as 40 dB. Fluctuations are more
frequent in children than in adults and the improvement in AN or its disappearance is
possible in children [57, 58].

Even in children, AN presents a whole spectrum of different clinical pictures. As
the etiologies are very diverse, the clinical picture is also variable. In neonates it is a
clinical picture of severe hearing loss. This form of AN neuropathy is mostly diag-
nosed before the first year of life, while the other milder clinical forms are identified
only later, mostly after the first year of age. or later in the form of delayed speech
development. In the period after the first year of age, AN manifests itself in the form
of slowed speech development.

In those where the synapse is defective, the temporal processing of sound is
impaired due to characteristic gaps in sound perception. Gaps are caused by impaired
signal transduction and prevent the perception of sounds with multiple short stimuli
and therefore require stronger sound intensities to detect changes in frequency. That’s
why background noise is extremely annoying for such people. Speech understand-
ing is severely impaired in a noisy environment. Sound localization, which uses the
interaural time difference for its functioning, is also impaired.

The clinical picture is slightly different for people with a normal synapse but
disturbed conduction along the auditory nerve, as they do not have problems with
time processing, but with longer latency times. Ambient noise does not bother them
so much, but they have even more problems understanding speech, loud sounds
bother them [59].

11. Comparison between SNHL and AN

Approximately 60% of patients with AN have severe or profound hearing loss. But
the characteristics of hearing loss are different. Perception of pitch and temporal cues
are very distinct [60]. Frequency resolution in AN is regarding the preserved outer
hair cell quite good, but the temporal function is disrupted. In SNHL there is weak
frequency resolution, temporal processing and listening in noise are normal.

12. Association with other diseases

AN can be associated with other syndromes or neurologic pathologies. We have
already listed these neurological diseases, which are in the form of syndromes.

13. Transient AN

AN can be reversible. Some children with well-known AN have documented
improvement in electrophysiologic findings over time. We can say that AN is unpre-
dictable. So we recommend not to cure children too soon with cochlear implant,
especially if they were from the group with low birth weight [61].
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In case of high-risk infants (birth head trauma, ischemia, hyperbilirubinemia,
metabolical diseases) ABR exams should be repeated and the time for observation
should be prolonged because their ABR abnormalities can recover. Maturation of the
nervous system is an ongoing process [62, 63].

14. Diagnostic procedure

Besides OAEs and ABRs, a basic audiological assessment may include stapedial
reflex measurements, supraliminal psychoacoustic tests, electrocochleography
(ECochG), and audiometry.

14.1 OAE

OAE are sounds produced by the movement of OHCs and their stereocilia. For the
sound energy to be strong enough to be detected by the measuring probe in the ear
canal, it must be amplified by external stimulation with additional sound. We do this
in two ways: with transient stimulation (TOAE) and simultaneous stimulation with
two different sounds (DPOAE). Kemp was the first who described the phenomena
in 1978 [64]. He studied the sound coming out of OHC after transient stimulation or
after two simultaneous tone stimuli [65]. Sound which was detected came from the
moving OHC [66].

OHC contribute most of the potential measured in ABR before then I wave. This
potential originates from mechanosensitive channels in the stereocilia of OHC cells,
to a lesser extent they are also produced by IHC (OHC are more numerous). During
movement, the basilar membrane opens and closes the transduction channels in the
cilia of these cells. Polarization and depolarization are performed, which are generators
of cochlear microphonics (CoM) [67]. These can be shown on an ABR examination
using rarefaction and condensation methods. The summation of these two gives us the
summation potential (SP) and the compound action potential (CAP). CAP represents
wave I on ABR or it can be detected by electrocochleography (ECochG) [68].

In 20 to 80% of OAE, they may disappear. Cases have been described where an
initially unsynchronized auditory pathway eventually becomes synchronized [63].

14.2 Electrocochleography (ECochG)

We can do this examination in two ways (extratympanic or transtympanic) to
study cochlear microphonics (CoM), summating potential (SP), and cochlear action
potential (CAP) [69, 70]. CoM and OAE are the results of the OHC function. SP
serves for the assessment of IHC, especially for the study of ototoxine damage on IHC
[71]. CoM can be prolonged in subjects with AN [72]. Amplitudes of CoM in AN are
normal. CoM in persons with AN due to synaptopathy is not CAP, while CoM and SP
are registered [72, 73]. In auditory synaptopathy, the CoM and the SP are preserved,
while CAP is not detectable [12].

14.3 ABR investigation

It is an electrophysiologic diagnostic tool for objectively assessing the status
of the auditory pathway from the cochlea to the central nervous system. We use it
since the late 1960s as a diagnostic tool for adults and children. It was not meant to
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detect hearing levels, but to test the synchronicity of the auditory pathway. Before
its invention patient with AN were hidden among those who were declared to be
hard-of-hearing people with SNHL. The proportion of such patients among SNHL is
approximately 10-15%, they were soonly named AN ones [74].

The most typical result of this investigation who confirmed AN diagnosis is an
inversion of the ABR waveform in area I as a response to a change in a stimulus polar-
ity (rarefaction and condensation cliks). Reversion of polarity is the only sign that
helps us to separate AN from purely central processing disorders which have similar
OAE and ABR results [75, 76].

Besides wave I which defines the state of IHC, 4 more waves are found during ABR
measuring and each of it represents the transmission ability of the sound through a
specific part of the auditory pathway.

If OHC is damaged, no atypical ABR patterns are found.

14.4 Audiometry

Audiometry does not show to what extent the auditory pathway is damaged, it is
only an assessment of the functioning of the cochlea, better OHC. Audiometry can
be in the range of normal to severe hearing loss. Speech audiometry is very poor.
Stapedius reflex is pathological [4].

In adults with AN, hearing level threshold is usually pathologic in the low fre-
quency range and quite normal in higher frequencies. It can be also perfectly normal,
sometimes pathologic in entire curve or impaired only in high tones.

For children older than 4 years, the hearing threshold can be determined by
audiometry, but up to the age of 4 children are not able to participate, so we use two
methods. Both are based on observing the body’s response to different intensities and
pitches of sound [77].

The first is CBT (conditional behavioral threshold), and the second is VRA (visual
reinforcement audiometry). We test children in an open field or through earphones
with specific tonal stimulation in the range from 0.5 to 4 kHz.

In newborns, the level of hearing loss is 65% severe to very severe. The percentage
is slightly higher because in this age period, we only manage to find more affected
children, as neonatal screening is only performed based on OAE measurements
immediately after birth, and ABR is performed routinely only in newborns from
intensive care.

15. Therapy

The goal of the therapy in AN is to overcome synapse if synaptopathy is the reason
for AN or to synchronize the sound transduction through the auditory nerve.

Conventional hearing aids (HA) amplify the signal but fail to overcome the neural
dys-synchrony responsible for impaired speech comprehension. HA are recom-
mended as the first step in rehabilitation process as the least harmful. HA have many
disadvantages because they are not able to improve temporal processing. So infants
need a precise behavioral observation for their fitting or switching to CI [78].

Some studies were done (Berlin) on the success of HA in AN and a good result
was only in 3.5% of patients, 10.5% of them were only satisfied, 24.7% noticed only
a bit of improvement, 61.1% had no benefit. CI was much more successful with 85%
positive results [79].
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CI can bypass the synapse and thus the auditory signal is directly transduced to the
auditory nerve [23].

But in some cases of only moderate hearing loss or in nerve malformation AN or
in syndromic AN, a HA can be a good solution in children. Later on, if their language
development stagnates, CI may be suggested [23, 80-82].

In the rehabilitation process, the site of the lesion ver predisposes to a therapeutic
outcome [83].

Despite technologically sophisticated HA or CI, patients with AN do not succeed
in fully providing normal sensations of hearing sounds. Ever-new scientific research
in the field of genetics has enabled us to very precisely determine the location of the
error in the cell and thus the possibility of correcting this error with gene therapy
which means a process of changing defective parts of DNK with new genes. It is a very
promising procedure for the future. Specially for the field of neurodegeneration of
auditory pathways [84].

16. Conclusion

AN is a modern disease, well known only in recent years. Presented in adults and
children. The clinical picture in adults is much more benign than in children, by each
can be very variable because of potentially many sites of origin, pre or postsynaptic
or neurogenic. Multiple etiologic factors (genetic, infectious, environmental, toxic,
metabolic) can induce AN in every part of life.

Rehabilitation is still a challenging area of investigation because there are still
some deficiencies in rehabilitation in children with AN which have no proper level of
hearing. That is why gene therapy promises a lot.
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Chapter 3

Mitochondrial Hearing Loss:
Diagnosis and Management

Charvi Malhotra and Peter Kullar

Abstract

Mitochondrial hearing loss (MHL) arises from mutations in mitochondrial DNA
(mtDNA) or in nuclear genes coding for mitochondrial proteins, which impair inner
ear function resulting in hearing loss. Diagnosis of MHL requires a comprehensive
evaluation, including genetic tests, clinical assessments, and audiological examination.
Treatment options for MHL are limited, with supportive measures to enhance com-
munication and restore hearing function being the primary options. Ongoing research
is investigating new therapies that target mitochondrial dysfunction and regenerative
techniques to restore hearing function. It is crucial to understand the underlying
mechanisms of MHL and develop effective interventions to mitigate its negative
impact.

Keywords: mitochondria, hearing loss, diagnosis, treatment, neurogenetics

1. Introduction

Mitochondria, subcellular organelles found within eukaryotic cells, form a flexible
network and serve various functions in addition to their well-known role in cellular
energy production. These organelles have evolved to acquire multiple cellular func-
tions over time including provision of cellular energy through ATP generation, crucial
involvement in metabolic pathways, and apotosis. Consequently, when mitochondria
fail to function properly, it can negatively impact various aspects of cellular physi-
ology and contribute to the development of different human diseases, including
hearing loss.

The process of hearing relies on the conversion of sound pressure waves into
neural signals by the inner hair cells of the cochlea. These signals are then transmitted
to the auditory cortex through auditory neurons. Any disruption along this pathway
can result in hearing loss, a complex condition influenced by multiple factors that can
affect both individuals with mitochondrial disease and the general population.

Mitochondrial diseases are both genetically and phenotypically heterogeneous
and can be caused by mutations in mitochondrial DNA (mtDNA) or the nuclear genes
that encode mitochondrial proteins. Mitochondrial disease can involve potentially any
organ at any age and involve either a single or multiple organs [1].

MHL is an important feature of many mitochondrial diseases, both in isolation
(non-syndromic) and as a feature of systemic disease (syndromic). Some of the syn-
dromes associated with mitochondrial hearing loss include Kearns-Sayre syndrome
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(KSS), Mitochondrial encephalopathy, lactic acidosis and stroke-like syndrome
(MELAS), and maternally inherited diabetes and deafness (MIDD) syndrome. Each
of these syndromes is associated with the loss of hearing along with multiple other
systemic manifestations [2-4].

Mitochondrial disease is rare, affecting approximately 1 in 5000 individu-
als, but it contributes significantly to the overall burden of hearing loss [2, 5].
Mitochondrial dysfunction is estimated to contribute to around 5% of non-syn-
dromic post-lingual hearing loss and approximately 1% of pre-lingual cases [3, 5].
Additionally, studies suggest that mitochondrial mutations may also contribute to
age-related hearing loss [3].

Mitochondria play a vital role in producing cellular energy through oxidative
phosphorylation. In the auditory system, the inner ear contains specialized sensory
hair cells that convert sound vibrations into electrical signals for the brain to inter-
pret. Any disruption in mitochondrial function can severely impact the energy supply
and cellular homeostasis of these hair cells, leading to hearing loss. Additionally,
mitochondrial dysfunction can affect functionality of the stria vascularis, which
is responsible for endolymph production and ion composition maintenance [1, 5].
Moreover, the spiral ganglion neurons can also be impacted by mtDNA mutations that
result in loss of signal transduction from the auditory nerve to the brain.

Mitochondrial hearing loss is primarily caused by mutations in the mitochon-
drial DNA, which can occur in various genes responsible for mitochondrial func-
tion [1, 5, 3, 6]. These mutations are usually inherited from the mother due to the
maternal inheritance pattern of mitochondrial DNA [1, 4]. However, spontaneous
mutations can also occur during mitochondrial DNA replication, leading to mito-
chondrial hearing loss [2, 3, 6].

Mitochondrial DNA mutations can result in decreased ATP production, leading
to cellular dysfunction in the inner ear [1, 7]. ATP deficiency can impair the normal
functioning of hair cells, which are responsible for transmitting sound signals to the
brain. Additionally, the stria vascularis can be impacted due to lack of proper ion
composition of the endolymph. Mitochondria play a crucial role in generating reactive
oxygen species (ROS) within cells during oxidative phosphorylation. The presence of
noise has been shown to elevate the production of mitochondrial ROS, surpassing the
cellular antioxidants’ capacity and leading to oxidative stress. Consequently, cochlear
hair cells may undergo apoptosis triggered by mitochondria, potentially resulting in
their demise [1, 2, 5, 6, 8, 9].

2. Clinical presentation

Mitochondrial hearing loss presents with a diverse range of clinical manifesta-
tions, exhibiting considerable heterogeneity in terms of severity, age of onset, and
progression of hearing impairment [1, 2, 4-6, 8]. The clinical features can vary among
affected individuals and can include unilateral or bilateral hearing loss. The age at
which hearing loss manifests can range from infancy to adulthood, and the progres-
sion of the condition can be gradual or sudden.

The degree of hearing impairment observed in individuals with mitochondrial
hearing loss can vary widely, ranging from mild to profound [5, 8]. The specific
frequencies of sound that are affected may also vary, resulting in different patterns of
hearing loss. Some individuals may experience greater difficulty perceiving high-
frequency sounds, while others may have impairments in the low-frequency range.
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It is important to note that mitochondrial dysfunction can extend beyond the
auditory system and affect other organ systems, leading to a wide array of associated
symptoms. Neurological abnormalities, such as seizures, developmental delays, and
cognitive impairments, may be observed in individuals with mitochondrial hearing
loss [2, 5, 6, 8-10]. Additionally, myopathy, characterized by muscle weakness and
fatigue, and visual impairment, including optic atrophy and retinitis pigmentosa, can
be present in syndromic disease [2, 3, 5, 8].

There are various syndromic causes of mitochondrial hearing loss. One major
cause is maternally inherited diabetes and deafness (MIDD), which is characterized
by the development of both diabetes and hearing loss, typically in adulthood [4].

The severity of hearing loss can vary from mild to profound. Kearns-Sayre Syndrome
is a rare mitochondrial disorder characterized by a triad of symptoms: progressive
external ophthalmoplegia, heart block, and pigmentary retinopathy [3, 8, 9]. Hearing
loss is a common feature of KSS, and it can be sensorineural, conductive, or mixed.

MELAS (Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like
episodes) syndrome is a multisystem disorder caused by mitochondrial DNA muta-
tions [8, 9]. While it primarily affects the brain, it can also lead to hearing loss, among
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Figure 1.

Primary mtDNA mutations linked to human disease. A selection of clinically relevant primary mtDNA
mutations linked to mitochondrial disease with their associated phenotypes. LHON, Leber’s hereditary optic
neuvopathy; NARDE, neurogenic weakness, ataxia and retinitis pigmentosa; KSS, Kearns-Sayre syndrome; CPEO,
chronic progressive external ophthalmoplegia; MERRE, myoclonic epilepsy and ragged ved fibres; MELAS,
mitochondrial myopathy lactic acidosis and stroke like episodes; MDD, maternally inherited diabetes and
deafness.
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other symptoms such as muscle weakness, impaired exercise tolerance, stroke-like
episodes, encephalopathy, and high levels of lactic acid in the blood [3, 8, 9, 11].

There are several diseases inherited from mothers have been linked to mutations in
mitochondrial DNA. Specifically, the mt.1555A>G mutation (see Figure 1) occurring in
mtDNA impacts the gene responsible for rRNA, leading to a structural alteration in the
human ribosome [12]. Consequently, this renders the ribosome vulnerable to binding
with the widely used antibiotic, aminoglycosides. This particular mutation has been
associated with non-syndromic hearing loss and is prevalent among Asian populations
as one of the most frequently observed mitochondrial DNA mutations [11, 12].

Moreover, the mt.3243A>G mutation (see Figure 1) is linked to patients with
MELAS syndrome [13]. This variant is associated with early-onset hearing loss that
typically occurs in early infancy with a gradual course. Due to the stroke-like episodes
that occur in this syndrome, there are also cases of sudden onset hearing loss with this
mitochondrial DNA variant [14].

Furthermore, the impact of mitochondrial hearing loss extends beyond the physi-
cal manifestations, affecting various aspects of an individuals life, including com-
munication, social interactions, and educational attainment. Difficulties in speech
understanding, particularly in noisy environments, can lead to challenges in daily
communication and academic performance [1, 3]. Consequently, individuals with
mitochondrial hearing loss may benefit from speech therapy, educational accommo-
dations, and support services to optimize their communication abilities and overall

quality of life.

3. Diagnosis

Accurate diagnosis of mitochondrial hearing loss relies on a comprehensive evalu-
ation that includes clinical assessment, genetic testing, and audiological examinations
[1, 2]. A thorough patient history and physical examination can provide valuable
insights into the clinical features and potential risk factors associated with mito-
chondrial dysfunction. Healthcare providers should inquire about a family history
of hearing loss, other associated symptoms, and the presence of neurologic or visual
abnormalities [1, 2, 15].

Genetic testing plays a crucial role in confirming the diagnosis of mitochondrial
hearing loss. It involves analyzing the mitochondrial DNA (mtDNA) for specific
mutations known to be associated with hearing loss. Molecular genetic techniques
are utilized to identify the presence of pathogenic mutations in mtDNA [8, 15]. It is
important to note that mutations in mtDNA can be heteroplasmic, meaning they are
present in varying proportions within an individual’s cells. Therefore, genetic testing
may require the analysis of multiple tissues, such as blood, saliva, or skin fibroblasts,
to accurately assess the mutation load [5, 15].

Whole exome sequencing (WES) can be a valuable tool for investigating the genetic
basis of sensorineural hearing loss (SNHL). WES allows for a comprehensive analysis
of the protein-coding regions of the genome, including those genes coding for mito-
chondrial proteins. It enables the simultaneous screening of thousands of genes associ-
ated with various genetic disorders, including those known to be related to SNHL. This
broad approach increases the likelihood of identifying the underlying genetic cause of
SNHL in patients [13, 16]. WES can uncover novel genetic variants that may not have
been previously associated with SNHL. This can lead to the identification of new genes
or pathways involved in hearing loss, expanding our understanding of the condition
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and potentially leading to new therapeutic targets [13, 16]. Additionally, knowledge
of the genetic cause of SNHL can have implications for personalized treatment and
management strategies. It can help determine the prognosis, guide the selection of
appropriate interventions, and inform decisions regarding hearing aids, cochlear
implants, or other assistive devices [13, 16, 17].

Another approach that can be used to aid diagnosis is mitochondrial DNA
sequencing. The mitochondrial genome is separate and contained within the mito-
chondria, therefore whole genome sequencing cannot provide any information about
mt DNA. Mitochondrial DNA sequencing can provide valuable information regard-
ing genetic coding of essential proteins that contribute the functionality of auditory
structures [16].

Audiological testing is an integral component of the diagnostic workup for mito-
chondrial hearing loss. Pure-tone audiometry is performed to assess hearing thresholds
across different frequencies, providing information about the type, severity, and
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Figure 2.

Audiological assessment of diagnosos of hearing loss. (A) Schematic representation of the auditory conduction
pathway from the cochlea via neuronal auditory brain structures to the auditory cortex. (i) OAFs: A speaker
generated tone is delivered to the ear by an indwelling ear probe which also measures the modulated product
(in the case of DPOAEs) genevated by the stimulated cochlear outer hair cells. Cochlea function is specifically
measured (vepresented by blue diagrammatic brackets in Panel A). (ii) (a) Auditory brainstem response (ABR):
position of skull electrodes and representation of elecrophysilogical response of auditory pathway (waves I-V
marked). (ii) (b) PTA: Audioframs of the right and left ears showing pan-frequency hearing loss with raised
thresholds (lower limit of normal hearing marked with horizontal blue line). Subject vesponds to different
frequency tones presented by headphones. (ii) Both ABR and PTA measure response of the entire auditory
pathway (represented by red diagrammatic bracketsin Panel A).
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configuration of hearing loss [10]. Speech audiometry evaluates an individual’s ability
to understand speech and discriminate between different speech sounds. Otoacoustic
emissions (OAEs) and auditory brainstem response (ABR) testing can help assess the
function of the inner ear and the auditory nerve pathways (see Figure 2). These audio-
logical examinations aid in confirming the presence of hearing loss, characterizing its
nature and extent, and ruling out other potential causes of hearing impairment [10, 17].

In cases where the clinical suspicion for mitochondrial hearing loss is high but
genetic testing results are inconclusive or unavailable, other diagnostic modalities
may be considered. Biochemical analyses, such as measuring the activity of respira-
tory chain complexes in muscle biopsies or assessing lactate and pyruvate levels in
blood or cerebrospinal fluid, can provide indirect evidence of mitochondrial dysfunc-
tion [5, 7]. Neuroimaging techniques, including magnetic resonance imaging (MRI),
can help identify structural abnormalities or functional changes in the brain or inner
ear that may be associated with mitochondrial dysfunction [7].

Moreover, the diagnosis of mitochondrial hearing loss requires specialized exper-
tise and a multidisciplinary approach. Audiologists, geneticists, otolaryngologists,
and other healthcare professionals with experience in mitochondrial disorders play a
crucial role in the accurate diagnosis and appropriate management of individuals with
mitochondrial hearing loss.

4. Management

The management of mitochondrial hearing loss involves a multidisciplinary
approach aimed at optimizing communication abilities and addressing the specific
needs of affected individuals. While currently there is no cure for mitochondrial
hearing loss, various strategies can be employed to improve functional outcomes and
enhance quality of life.

As previously discussed, there are various syndromes that are associated with
mitochondrial hearing loss. As a result, it is important to acknowledge the man-
agement required for the complex systemic manifestations associated with these
syndromes. It’s important for individuals with such syndromes to receive regular
medical follow-ups to monitor their condition, manage symptoms, and address any
new developments. The management approach may vary depending on the specific
needs and symptoms of each individual, so it’s essential to work closely with a health-
care team experienced in mitochondrial disorders [1, 8]. For example, symptomatic
treatment is provided for other manifestations of MELAS syndrome, such as cardiac
abnormalities, hearing loss, muscle weakness, and gastrointestinal issues [1, 3, 15].
Medications, therapies, and lifestyle modifications may be employed based on the
specific symptoms and their severity. Additionally, in the case of KSS, it is essential
to consider the ophthalmic symptoms including regular eye exams, corrective lenses,
cardiologic interventions and close monitoring [1, 3, 8].

Audiological rehabilitation plays a central role in managing mitochondrial hearing
loss. Hearing aids are commonly prescribed to individuals with residual hearing to
amplify sound and enhance audibility. These devices can improve speech understand-
ing and facilitate communication in daily activities. Regular audiological assessments
and adjustments are important to ensure that hearing aids are appropriately fitted and
calibrated to individual needs [8, 17].

In cases of very severe hearing loss, another therapy option is the use of cochlear
implants. As another form of sensorineural hearing loss, mitochondrial hearing loss
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in theory should have the same efficacy in improving auditory symptoms. Some stud-
ies have cited improvement of hearing in patients with Kearns-Sayre and MNGIE syn-
dromes [15]. A recent systematic review identified 9 of 11 studies showing favorable
audiometric outcomes with CI in patients with MHL [17]. Karkos et al. conducted a
12-month review of MELAS patients with CI indicating positive results are preserved
for at least 12 months [18]. However, larger studies with longer follow up are needed
to determine whether hearing results are preserved long term.

In addition to hearing aids, assistive listening devices (ALDs) can further enhance
communication abilities for individuals with mitochondrial hearing loss. ALDs
include devices such as personal FM systems, induction loop systems, and Bluetooth-
enabled devices. These technologies improve sound transmission and reduce back-
ground noise, particularly in challenging listening environments, such as classrooms,
public venues, or workplaces [6, 8, 9, 17]. Audiologists can provide guidance on
selecting and using ALDs effectively.

Communication strategies and education are vital for individuals with mitochon-
drial hearing loss and their families. Techniques such as lip-reading, sign language,
and speech therapy can supplement auditory input and facilitate effective commu-
nication. Speech therapy can help improve speech production, language skills, and
overall communication abilities. Additionally, educating family members, friends,
and educators about mitochondrial hearing loss and its impact can foster understand-
ing and support in various social settings [1, 17].

Living with hearing loss can have a significant psychological and emotional impact
on individuals. Psychosocial support and counseling services can provide a supportive
environment for individuals with mitochondrial hearing loss and their families. These
services can help individuals cope with the challenges associated with hearing loss,
manage stress, and promote overall mental well-being. Support groups and online
communities can also offer a platform for sharing experiences, seeking advice, and
finding a sense of belonging [8, 6].

Genetic counseling is an important aspect of the management of mitochon-
drial hearing loss. Genetic counselors can provide information about the inheri-
tance patterns, recurrence risks, and available genetic testing options. They can
guide individuals and families in making informed decisions regarding family
planning and reproductive options. Genetic counseling also facilitates the iden-
tification of at-risk family members who may benefit from early detection and
intervention [6-8, 17, 19].

Finally, regular monitoring and consistent follow-up are crucial for individuals
with mitochondrial hearing loss. Audiological evaluations should be conducted
at regular intervals to assess changes in hearing thresholds, adjust hearing aids or
assistive devices, and provide ongoing support. Additionally, individuals with mito-
chondrial hearing loss may benefit from periodic assessments by otolaryngologists,
geneticists, and other specialists to monitor overall health and address any associated
systemic manifestations of mitochondrial dysfunction [2, 5, 6, 8].

5. Future directions of mitochondrial disease treatment

While significant progress has been made in understanding mitochondrial hearing
loss, further research is needed to advance our knowledge and develop more effective
strategies for diagnosis, treatment, and prevention of the condition. Several areas of
investigation show promise for future directions in the field.
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a. Genetic discoveries and personalized medicine: continued exploration of the

genetic basis of mitochondrial hearing loss will contribute to the identification
of novel causative genes and mutations. Whole-exome sequencing and genome-
wide association studies hold potential for unraveling the complex genetic archi-
tecture underlying the condition. Such discoveries will facilitate the development
of personalized medicine approaches, enabling tailored interventions based on
an individual’s specific genetic profile [6].

b.Targeting mitochondrial dysfunction: further understanding of the molecular

mechanisms involved in mitochondrial dysfunction in hearing loss is essential for
the development of targeted therapies. Emerging evidence suggests that various
therapeutic agents, such as antioxidants, mitochondrial biogenesis enhancers,
and modulators of mitochondrial dynamics, may hold promise for preserving or
improving mitochondrial function in the auditory system [2]. Preclinical studies
and clinical trials investigating the efficacy and safety of these interventions are
warranted.

.Regenerative medicine: regenerative approaches aimed at restoring damaged or

lost auditory structures offer a potential avenue for treating mitochondrial hear-
ing loss. Stem cell-based therapies, including the use of pluripotent stem cells and
induced pluripotent stem cells, hold promise for generating functional hair cells
and auditory neurons in vitro and in vivo [19]. The integration of tissue engineer-
ing and gene editing technologies further enhances the prospects of regenerating
damaged auditory tissues, paving the way for potential curative interventions.

d.Novel drug therapies: the identification of small molecules and pharmacological

agents that can specifically target the underlying molecular pathways involved in
mitochondrial dysfunction may offer new avenues for therapeutic intervention.
High-throughput screening techniques can aid in the discovery of potential drug
candidates that enhance mitochondrial function, reduce oxidative stress, and
mitigate cellular damage in the auditory system [2]. An example of mitochondrial
disease enzyme replacement therapy is the use of fusion propionyl co-A carboxy-
lase (PCC) for the fatal metabolic disorder propionic acidemia [20].

.Non-invasive monitoring techniques: the development of non-invasive meth-

ods for monitoring mitochondrial function and assessing disease progression

in individuals with mitochondrial hearing loss is an area of ongoing research.
Imaging techniques, such as functional magnetic resonance imaging (fMRI) and
positron emission tomography (PET), hold potential for evaluating mitochon-
drial metabolism and bioenergetics in vivo [7]. These non-invasive monitoring
tools can provide valuable insights into the efficacy of therapeutic interventions
and aid in the assessment of treatment outcomes.

f. Preventive strategies: identifying individuals at risk for mitochondrial hear-

ing loss and implementing preventive measures are crucial for minimizing the
impact of the condition. Genetic counseling and carrier screening programs can
help identify individuals who are at risk of passing on mitochondrial mutations
to their offspring. Early detection and intervention, such as newborn hearing
screening programs and regular audiological assessments, may enable timely
intervention and support for affected individuals, leading to improved outcomes.
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6. Conclusion

Mitochondrial hearing loss is an umbrella terms that describes a range of con-
ditions affecting mitochondrial function in pertinent structures of the auditory
pathway. These conditions can be caused by mutations to mitochondrial DNA, as
well as nuclear genes that cause dysfunction of inner ear hair cells, the stria vas-
cularis, and even the auditory neurons as well. Although its pathogenesis remains
poorly understood, current research points toward factors like ATP deficiency and
oxidative damage being crucial factors. Diagnosing mitochondrial hearing loss
requires comprehensive evaluation including clinical assessment, genetic testing and
audiological tests - unfortunately there is currently no cure available and treatment
focuses mainly on improving communication abilities and supporting quality-of-life
improvements.

Additional research initiatives are required to increase our understanding of the
pathogenesis of mitochondrial hearing loss and develop effective treatments. The
development of mitochondrial-targeted therapies, such as antioxidants and gene ther-
apy, holds promise for the treatment of mitochondrial hearing loss [2]. Additionally,
research into stem cell-based regenerative therapies for the repair and regeneration of
hair cells in the inner ear is being explored as a potential treatment strategy [5]. These
treatment modalities will be tailored to the unique biophysical profile of each patient
and provides the potential for a greater and more specific clinical response.

In conclusion, mitochondrial hearing loss is a complex condition that requires
further research and understanding. While there are currently limited treatment
options, ongoing research holds promise for the development of effective therapies
to mitigate the impact of mitochondrial hearing loss and improve the lives of affected
individuals. Continued efforts in research, diagnosis, and treatment of mitochondrial
hearing loss are essential to improve upon our knowledge base and provide better
management strategies for individuals with this condition.
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Chapter 4

Potential Mechanisms of Hearing
Loss Due to Impaired Potassium
Circulation in the Organ of Corti

Guillermo Spitzmaul, Ezequiel Rias and Leonardo Dionisio

Abstract

Hearing loss (HL) is a common condition that significantly affects an individual’s
quality of life. Impaired potassium circulation in the organ of Corti (OC), including
the movement of potassium into hair cells (HCs) and from hair cells to supporting
cells (SCs), can contribute to hearing loss. This chapter aims to provide a better
understanding of cochlear potassium ion homeostasis and its dysfunction in this
context. Sensorineural hearing loss (SNHL) is caused by damage to the inner ear or
the auditory nerve. Various factors contribute to it, including aging, exposure to loud
noise, genetics, medications, and infections. In all of them, some level of potassium
circulation alteration is present. Potassium plays a crucial role in hearing function
as it is the moving charge that depolarizes hair cells in response to sound percep-
tion. It generates the endocochlear potential (EP) which provides the driving force
for potassium movement. Disruptions in potassium circulation due to molecular
alterations in ion channels and transporters can lead to hair cells dysfunction and cell
death. Moreover, drugs that affect potassium circulation can also cause hearing loss.
Understanding the molecular and tissue changes resulting from potassium circulation
deficits is essential for developing targeted treatments and preventive measures for
potassium-related hearing disorders.

Keywords: hearing loss, potassium homeostasis, hair cells, ion channels, KCNQ4,
supporting cells

1. Introduction

Hearing loss (HL) is a common condition nowadays that reduces hearing capacity.
HL can be caused by a variety of factors, and it can have a significant impact on a
person’s quality of life [1, 2]. In this chapter, we will explain the importance of potas-
sium (K") circulation for proper hearing function and how it can cause HL, primarily
focusing on K" movement from hair cells (HCs) to supporting cells (SCs). By the end
of this chapter, we aim to have a better understanding on cochlear K* ion homeostasis
and how its dysfunction contributes to very common HL processes.

Sensorineural hearing loss (SNHL) is the most common type of HL, affecting mil-
lions of people worldwide [2-4]. SNHL occurs when there is damage to the inner ear
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Figure 1.

Augditory pathway and potassium circulation in cochlea. Schematic vepresentation of the auditory system,
composed by: The outer, the middle, and the inner ear; and scheme of the auditory pathway to auditory cortex
in the brain. Inset of the cochlea’ cross section depicts the scala vestibuli and scala tympani (both filled with
perilymph) and the scala media filled with endolymph, containing the OC: IHCs, OHCs, and SCs. Schematic
representation of the K* recirculation from the OHCs to the endolymph through SCs and Stria vascularis (green
arrows). This figure is original for this work.

or the auditory nerve [5]. Unlike conductive HL, which occurs when sound is blocked
from reaching the inner ear, SNHL occurs when sound is not effectively transmitted
to the brain (Figure 1) [2, 6]. This type of HL can be caused by a variety of factors,
including aging, exposure to loud noise, genetics, some drugs, and certain medical
conditions [7-10]. Age-related hearing loss (ARHL), also known as presbycusis,

is a common sensory disorder among the elderly. It is characterized by a decline in
hearing sensitivity and speech discrimination, delayed central processing of acoustic
information, and impaired localization of sound sources. Multiple mechanisms

have been proposed for age-related cochlear degeneration, and it appears that both
genetic and environmental factors play a role. Noise-induced hearing loss (NIHL) is
a significant occupational health risk in developed countries. NIHL can also result
from unsafe recreational, social, and residential noise exposures. People with exces-
sive exposure to noise are frequently the population with a lifestyle which may affect
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auditory function. Exposure to loud noises, such as explosions or prolonged exposure
to high sound levels, can cause damage to the delicate structures within the inner ear.
This can lead to temporary or permanent HL, depending on the severity and duration
of the exposure. Genetic factors play a significant role in the development of SNHL.
Mutations in genes such as those coding for calcium (Ca**) channel and K* channels
in sensory HCs of the cochlea can cause hereditary deafness, but many others have
been elucidated [6, 11-13]. Also certain medications, such as aminoglycoside antibiot-
ics and some drugs for cancer treatment, can be toxic to the inner ear, causing damage
to the HCs and auditory neurons. This damage can be temporary or permanent,
depending on the drug and the dosage. Lastly on the causes of HL, infections, such as
prenatal toxoplasmosis, rubella, meningitis or cytomegalovirus, can cause inflamma-
tion and damage to the inner ear, leading to SNHL [6].

K" is essential for the proper functioning of hearing. This ion is found in high
concentration in the endolymph contained in the scala media of the cochlea. This high
concentration of K* generates the endocochlear potential (EP), which, in conjunction
with the HCs resting membrane potential, creates a strong driving force for the entry
of this ion when sound causes bending of the stereocilia bundle [14]. After sound
perception, K* leaves the HCs and returns to the stria vascularis through gap junctions
(GJs) and transporters present in the surrounding SCs. The flow and recycling of K*
ions play a vital role in the conversion of sound vibrations into electrical signals that
can be transmitted to the brain for auditory perception [14-22].

Molecular alterations in channels and transporters involved in the process of K*
circulation lead to HCs dysfunction and, ultimately, cell death. Moreover, drugs that
alter K* circulation can result in HL [23-28]. Most of these changes impacts primarily
on outer hair cells (OHCs) function and survival [29]. For these reasons, we focus
on this sensory cell type in this chapter. Understanding the molecular, tissue, and
innervation changes that occur in HCs due to deficits in K* circulation is crucial for
advancing our knowledge of hearing loss mechanisms, developing targeted treat-
ments, identifying preventive measures, and enabling personalized interventions.
Such understanding has the potential to improve the diagnosis, management, and
overall quality of life for individuals affected by K*-related hearing disorders.

2. Anatomy and physiology of the organ of Corti

The organ of Corti (OC) is a complex structure located in the spiral-shaped
cochlea of the inner ear, playing a crucial role in the process of hearing by convert-
ing sound vibrations into interpretable electrical signals. The OC rests on the basilar
membrane, a thin and flexible membrane spanning the length of the cochlea. It
separates the scala media from the scala tympani. Within the OC, there are special-
ized sensory cells known as HCs, specifically the inner hair cells (IHCs) and outer
hair cells (OHCs), responsible for the conversion of sound vibrations into electrical
signals. Above the OC lies the tectorial membrane, a gelatinous structure that extends
over the HCs, playing a pivotal role in the mechanotransduction process (see further).
SCs encompass the OC, providing structural support, and safeguarding the HCs,
while also regulating the ionic composition of the perilymph to maintain proper HC
function [15]. Furthermore, the neuronal connection to the central nervous system
is facilitated by the spiral ganglion (SG), a cluster of neurons situated within the
cochlea. The fibers of the SG neurons establish connections with the HCs, transmit-
ting the electrical signals generated by the HCs to the auditory nerve (Figure 1).
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Collectively, these components work harmoniously to convert sound vibrations into
electrical signals, facilitating their transmission to the brain and enabling the percep-
tion and interpretation of sounds [30].

2.1 Structure and function of hair cells

As mentioned above, there are two types of sensory HCs in the cochlea that detect
sound vibrations: IHCs and OHCs. These cells possess small, finger-like projec-
tions called stereocilia on their apical surface, facing endolymph, the high-K* fluid
that filled the scala media (Figure 2). When stimulated by sound vibrations, the
stereocilia of the HCs move, opening mechanoreceptor channels and initiating the
generation of electrical signals. While both types of HCs depolarize in response to
K* entrance, their specific functions and contributions to auditory processing dif-
fer. IHCs primarily serve the role of transmitting auditory information to the brain,
whereas OHCs play a role in amplifying sound signals and fine-tuning the sensitivity
of the cochlea [31, 32]. The depolarization caused by the entrance of K" is a unique
feature among mammals and allows ion movement following its electrochemical
gradient from endolymph to cytosol at the apical membrane and exit at the basal
membrane to the extracellular fluid between HCs and SCs. The depolarization of the
HCs leads to their activation upon reaching the receptor potential (RP), which rep-
resents the membrane voltage threshold that triggers the opening of CaV1.3 voltage-
dependent calcium channels in IHCs [33] and initiate the process of electromotility in
OHCs (see further) [32].
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Figure 2.

Potassium movement in hair cells. Illustration depicting the IHC (left), with the influx of K* through the
mechanosensitive channels, and the efflux of this ion mediated by the channels vesponsible of the Ix,, Ik an Ixp
currents. Also, the Ca® channels which ave responsible for the neurotransmitter velease from the vibbon and the
afferent synapses are depicted. On the right, schematic representation of the OHC, with the influx of K*, also
through mechanosensitive channels, and its efflux mediated by different K* channels, mainly KCNQq. Efferent
synapse through MOC terminals is also depicted, and the aga10 nAChR is responsible for the modulation of
hearing sensitivity. This figure is original for this work.
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2.2 Dieter’s cells structure and function

The sensory cells in the OC are surrounded by a heterogeneous group of cells
denominated SCs. Among them, there is a subgroup constituted by the Dieter’s
cells (DCs), disposed across the OC in three rows under the OHCs. The DCs play an
important role keeping the structure of the organ, acting mainly as a support, but also
in homeostasis of ions and other molecules, and modulation of extracellular matrices
(Figure 3) [34, 35].

DCs are characterized for presenting an elongated body, extending from the
reticular lamina to the basilar membrane [36]. Structurally, these cells have an apical
region, consisting on an extension projecting from their medial region to the reticular
lamina, denominated “phalangeal process” which forms tight junctions with the
OHCs at the level of the reticular lamina [37], a medial region cup-shaped, which
contains and binds through tight and adherents junctions to the base of the OHCs,
and a basal region holding the nucleus and most of organelles [38-40]. The medial
region of the DCs envelopes nerves contacting them and the basal pole of OHCs [41].
The cytoskeleton of these cells is commonly called “Dieter’s stalk” [36] and consists
of microtubules, intermediate filaments and actin, and extends from the basilar
membrane to the reticular lamina through the phalangeal process. The cytoskeletal
structure has a conical shape thickening in the site contacting the basilar membrane
called “basal cone” (Figure 3) [42].

2.3 Sound transduction in the organ of Corti
When sound waves enter the cochlea, their vibrations are transmitted through

the perilymph of the scala tympani to the basilar membrane, causing the HCs to
bend their stereocilia against the tectorial membrane. As explained previously, this
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Figure 3.

Draining of potassium by the Dieter’ cells. Illustration of the OHC location and DC in the OC, depicting the
efferent innervation that contacts both cells. Gap junctions, composed by connexin monomers (Cx26 and Cx30),
between DCs are also showed in the figure. Inset depicts the small space between the OHC and DC, showing the
main channels involved in the K* circulation, and the efferent modulation in the hearing process. This figure is
original for this work.
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movement opens the mechanosensitive channels located on the stereocilia of the
HCs, activating K" influx [6, 16]. The RPs trigger the release of the neurotransmitter
glutamate by the IHCs, while activating the amplification process in the OHCs [43].
Vesicle release in IHCs occurs in the basolateral membrane, which contains the
active zones characterized by the presence of synaptic ribbons that supply ultrafast
and precise synaptic vesicles for exocytosis, to release glutamate into the synaptic
cleft (Figure 2, left) [43, 44]. The released neurotransmitters then stimulate postsyn-
aptic afferent nerve fibers from the SG neurons, sending electrical signals to the brain
for sound interpretation through the auditory pathway [16, 45]. The primary function
of OHCs is to amplify and fine-tune the sound signals before they reach the IHCs. The
physiology of OHCs involves several key mechanisms that contribute to their capa-
bilities [46]. It includes three main features:

a.Electromotility: one of the defining properties of OHCs is their ability to change
shape in response to RPs. It is enabled by the presence of a protein called prestin
in the lateral membrane of OHCs (Figure 2, right). When a sound stimulus is
detected, a RP is generated across the cell membrane, leading to a contraction or
elongation of the OHCs. This mechanical movement enhances the sensitivity and
selectivity of the cochlea to different sound frequencies.

b.Basilar membrane motility: electromotility of OHCs has a direct effect on the
mechanics of the basilar membrane. The movement of OHCs alters the tension
and stiffness of the basilar membrane, increasing vibration intensity of IHCs in
the OC. This process is known as the cochlear amplifier or the OHC amplifier.

c. Olivocochlear feedback: it involves neural connections from the brainstem to the
cochlea that serve as a feedback mechanism. This efferent innervation modulates
HCs excitability (Figure 2, right).

These mechanisms, collectively named “the active process,” are crucial for our
ability to detect and perceive sounds accurately, and it can be disrupted by factors
such as noise exposure or genetic mutations.

2.4 Efferent innervation of the organ of Corti

The auditory system has two efferent neuronal components originated in the
lateral and medial nuclei of superior olivary complex (LOC and MOC, respectively)
[47]. LOC fibers make synaptic contacts with afferent fibers that contact IHCs in
adult, while MOC fibers make synaptic contacts with the OHCs [48]. LOC function
is still not fully understood. The main effect of MOC efferent innervation is to inhibit
the cochlear response by reducing the amplification gain of the OHCs. This effect is
observed as a reduction in the motility of the basilar membrane and as a transient loss
of sensitivity of the auditory nerve to sound [49]. The efferent fibers directly contact
the OHCs, producing inhibitory synaptic currents once activated [50]. Paradoxically,
this inhibition is mediated by an excitatory current generated by the nicotinic ace-
tylcholine receptor (nAChR) composed by the a9 and a10 subunits [51, 52]. The
a9010 nAChR is a cationic channel with high Ca®* permeability [53, 54]. In the OHCs,
the entry of Ca’* through this channel leads to the activation of Ca**-dependent K*
channels, SK2 and BK, resulting in hyperpolarization of the cell membrane through
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the efflux of K* ions through these channels [55, 56]. It is believed that Ca* entry
through 9010 nAChR triggers the release of cytoplasmic Ca** from cisterns located
near the efferent synapses, and this ion would activate the SK2 channels [57]. The
release of cytoplasmic Ca®* from these cisterns is modulated by the ryanodine fam-
ily of channels [58]. In this way, the efferent system modulates the activity of the
OHCs, preventing excessive depolarization, for example, during prolonged exposure
to a sound stimulus [47]. It has been demonstrated that an exacerbation of efferent
system activity protects against acoustic damage [59]. In a model of over activation
of nicotinic channels, generated by a mutation in the a9 subunit of the a9a10 recep-
tor, increased sensitivity to acetylcholine and decreased channel desensitization
were observed. Animals with this mutation had a higher acoustic threshold, showing
greater protection against acoustic damage [59]. Conversely, it has also been shown
that auditory overstimulation causes synaptopathy in young mice, resulting in a
decrease in synaptic contacts of the OHCs [60, 61].

Besides the innervation of the sensory cell, nerve fibers making contact with
DCs and other SCs were identified more than 40 years ago [62] and have since been
confirmed through the labeling of synaptic terminals in the DCs of both cats and
humans, using specific markers [63, 64]. Further investigations have revealed that
these fibers originate from the MOC efferent system [65]. Recent findings have
shown that the synapses formed by these fibers are functional and cholinergic in
nature. DCs express the same type of nAChR as OHCs, specifically the a9 nAChR
was identified so far [66]. The efferent innervation influences the activity of gap
junction channels, thereby modulating the movement of K* ions through DCs.
Consequently, the available evidence suggests that the MOC system may indirectly
regulate the activity of OHCs by potentially exerting control over the membrane
potential of DCs.

2.5 Potassium circulation in the organ of Corti

K" circulation plays a crucial role in hearing as it is closely linked to the proper
function of the auditory system. As mentioned above, the scala media contains
endolymph, a high K* fluid, bathing the apical membrane of both HCs. [14, 67, 68].
The influx of K* into HCs depolarizes them resulting in either the release of glutamate
by IHCs or electromotility in OHCs, as the RP is reached. K* enters through a mecha-
noelectrical transduction complex located at the tip of stereocilia bundle [16, 30, 69].
This complex, still not fully resolved, forms a nonselective cation channel where
K* and Ca®* enter [30, 69]. After the entry of K" ions into the HCs, their removal
becomes necessary for the hearing perception to continue. This is where K* circula-
tion plays a crucial role, to repolarize the resting membrane potential. Specialized
channels and transporters are responsible for pumping the K* ions out of the HCs and
back into the endolympbhatic fluid of the cochlea (Figure 1, inset) [14, 15, 22].

One of the channels responsible for these functions is the KCNQ4 voltage-gated
K* channel. KCNQ4 is primarily responsible for generating the main K* conductance
current in OHCs known as I ,,. It is predominantly expressed at the basal pole of
OHCs, where it plays a crucial role facilitating K* efflux (Figure 2) [70-75]. Although
to a lesser extent, KCNQ4 is also expressed in IHCs, as determined by gene and
protein expression and functional properties of the IHCs (Figure 2) [71, 73, 76-82].
In this cell, it generates the K* current I ,, one of the three main K* currents in IHCs
[16]. Impaired surface expression or reduced activity of the KCNQ4 channel leads
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to functional deterioration of the OC and has been associated with different types
of HL: age-related hearing loss [23, 83-86], noise-induced hearing loss [87-89], and
genetic hearing loss [71, 85, 86, 90, 91].

Other K* channels involved in the K* efflux are the Ca**-activated K* channels
BK and SK2 (Figure 2). They differ from each other in their affinity to Ca™, single-
channel conductance, and voltage sensitivity [55]. In IHCs, they are responsible for
generating the Ig ¢ current that contribute to cell repolarization [92]. Both chan-
nels are involved in the efferent regulation of OHCs. BK channels show tonotopic
gradients of progressively increasing expression from low-frequency (apical zone)
to high-frequency (basal zone) cochlear regions [55, 92-96]. On the contrary, SK2
channels increase their expression from basal to apical cochlear turns [97]. In the
mature OC, BK channels are found in the neck of IHCs and in the basal pole of OHCs,
in the same area where the efferent terminals are located [56]. Similar localization was
observed for SK2 channels in OHCs [56, 94]. These channels are functionally coupled
to ligand-gated ion channels to cause rapid postsynaptic inhibition [55, 97]. The effer-
ent synapse activates BK and/or SK2 channels, depending on cochlear region, through
a9a10 nAChR opening and Ca™ entry [51, 52] hyperpolarizing the HCs [97, 98].

Once K" ions leave the HCs, they diffuse through the extracellular space. One
appealing hypothesis for K" circulation suggests that these ions are reabsorbed by SCs
located in the epithelial lining of the cochlea and actively transport them back into the
endolymph (Figures 1 and 3) [14]. The closest cells to OHCs are DCs. The membrane
of the DCs on the contacting surface with OHCs expresses the K-Cl cotransporters,
KCC3 and KCC4 (Figure 3). These cotransporters belong to a protein family that
plays a role in regulating cytoplasmic ion concentration, cell volume, and salt trans-
port through the epithelia [99]. It has been hypothesized both cotransporters play
the same role: capture K* extruded from OHCs for them to hyperpolarize. In addition
of these cotransporters, it has been observed the presence of another K* channel
expressed in the body of DCs and especially in the cup region, Kir4.1. It has been
suggested this channel would be involved in the regulation of cellular physiology and
presumably affect K* uptake [15, 100]. K* intake in DCs also relies on ATP-dependent
channels, purinergic P2 receptors (Figure 3). In the extracellular space, ATP acts as
a signaling molecule which allows these channels activation at the resting membrane
potential for ions entrance, mainly of K* [101].

Dieter’s cells form a syncytium, meaning that their cytoplasm is electrically
connected through GJ, allowing the initiation of potassium recycling toward the stria
vascularis in favor of its electrochemical gradient. There are different isoforms of
CONNEXINs (Cx) in the inner ear, although only two are expressed in DCs: Cx26
and Cx30 [102]. Their expression levels differ along the cochlea, as in SCs [103], and
both are considered indispensable for hearing [20, 102]. Cx26 and 30 are capable of
assemble as homomeric GJ channels (Cx26/Cx26 or Cx30/Cx30) and also as hetero-
meric ones (Cx26/Cx30); GJs are important for ion circulation through SCs, as well as
other molecules, such as miRNA [20, 104, 105].

3. Potassium circulation deficits and molecular changes in the organ
of Corti

As we mentioned before, the circulation of K* is crucial for maintaining the proper
functioning of the HC and the overall auditory system. Disruptions in K* circulation
can lead to hearing problems and disorders [22]. For example, impairment in the
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transporters responsible for removing K* can lead to its accumulation in the HCs,
disrupting the electrical signaling process and resulting in HL. Furthermore, certain
medications, such as aminoglycosides or some diuretics, can interfere with K* circula-
tion and affect hearing function as a side effect [24, 26, 27, 106].

3.1 KCNQ4 channel alterations leads to hearing loss

The major pathway for K* exit from OHCs is the KCNQ4 channel [71]. Mutations
in the gene encoding this channel subunit underlie a slowly progressive dominant
form of human deafness, named DFNA2. Patients carry dominant negative (dn)
mutations that lead to HL over years [86, 107-109]. Mouse models with alterations
in the Kcng4 gene or in the channel function by pharmacological agents, such as
salicylate or aminoglycosides, have been helpful in studying the pathophysiological
mechanisms underlying KCNQ4 channel dysfunction [26, 28, 71, 110, 111]. The loss
of KCNQ4 function in OHCs can result in sustain depolarization due to intracellular
K* accumulation, which consequently leads to their degeneration due to chronic
cellular stress [71]. When KCNQ4 is absent, cochlear OHCs degenerate first at the
basal turn of the cochlea, which mediates high-frequency hearing, and progress to
the apical turn with time, affecting IHCs and SG neurons [71, 110]. At this moment,
three transgenic mouse models carrying dn Kcng4 gene mutations found in DFNA2
patients have been analyzed [71, 112, 113]. Two of them are located in the pore
region, W276S and G286S [71, 112], while the other, G228D, was in the intracellular
S4-85 linker region [113]. In heterozygosity, the KCNQ4 mutant subunits in each
case assemble with either wild-type, mutant, or combination of both subunits, form-
ing homo- or heteromeric channels, which drastically reduce their conductance and
in consequence, the Ig ,, current of OHCs. Similar to KCNQ4 knock-out (KO) model,
these mouse models exhibit HL with OHCs loss over time, starting in the basal
turn and progressing over time to middle and apical turn albeit with a slower time
course than KO. The first two models exhibit a relatively fast loss of OHCs with the
preservation of IHCs. For the last model, IHCs loss was also observed starting four to
eight weeks later than in OHCs [113]. The absence or mutations of the KCNQ4 chan-
nel subunit impact in the membrane potential, being differently reduced in OHCs
and IHCs [71]. This depolarization would increase Ca** influx through voltage-gated
Ca’* channels into these cells and may thereby underlie the degeneration processes.
Notably, in these models, hearing impairment tend to be uniform across all frequen-
cies, implying dysfunction along the entire cochlea. However, the loss of OHCs
invariably begins at the basal turn and gradually progresses over time. These results
indicate an uncoupling between cellular functionality and survival, highlighting our
incomplete understanding of the cellular and molecular mechanisms involved in this
process.

Same results were obtained when KCNQ4 channels function was diminished. For
example, pharmacological inhibition of KCNQ4 by linopirdine in an adult guinea pig
model has been shown to cause acute HL through compromised function and severe
OHCs degeneration in the basal turn, which corresponds to the high-frequency range
of the cochlea [28]. Given its important role in K* circulation and the pathological
consequences of impaired KCNQ4 channel activity, activation of the KCNQ4 chan-
nel has been proposed as a treatment for HL [23]. In this regard, the KCNQ4 channel
opener retigabine has been useful in reversing salicylate-induced cytotoxicity [25].
Furthermore, channel openers have been used to mitigate HL in an ARHL mouse
model [23, 114]. These findings lead to the hypothesis that pharmacological activation
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of KCNQ4 channels may preserve hearing function and prevent OHCs loss in ARHL
and other forms of HL [23, 114]. In addition, gene therapy to correct a dn Keng4
mutation in a mouse model partially succeed to correct HL degeneration that develops
in this condition [112].

3.2 BK and SK2 channels malfunction affects the hearing process

Regarding BK channels, pharmacological blockade of them has minimal effect
on OHC functionality [115], and genetic deletion of the channel has little effect on
cochlear sensitivity [92]. However, as BK channels contribute to the inhibitory signal-
ing on OHCs through the MOC efferent pathway [97], mice lacking BK channels
have reduced MOC inhibition with smaller efferent synapses. However, they remain
functional [56, 116]. These data are in line with previous reports of mice lacking the
BK channel pore-forming a-subunit that do not exhibit a congenital HL but rather
develop mild progressive high-frequency HL. In contrast, mice lacking the auxiliary
BK channel p1 gene do not exhibit any hearing deficits and have a normal cochlear
phenotype [96].

Deletion of SK2 channels in mice showed that action potential activity was abol-
ished in these animals [117]. In addition, efferent innervation of OHCs was severely
reduced in young KO mice. OHCs from this model were completely insensitive to
exogenous ACh, implying absent or otherwise dysfunctional nAChR [95]. Another
animal model lacking SK2 channel showed that they are necessary for long-term
survival of olivocochlear fibers and synapses. Loss of the SK2 gene also results in loss
of electrically driven olivocochlear effects in vivo, and down-regulation of ryanodine
receptors involved in Ca**-induced Ca”" release, the main inducer of nAChR evoked
SK2 activity [94].

In conclusion, BK and SK2 channels are necessary for proper function of the OC
and seem to have some degree of overlapping function in controlling OHC excitabil-
ity. However, as efferent inhibition is impaired, dysfunction of these channels would
lead to HL as well.

3.3 Dieter’s cells channels malfunction in potassium circulation

Mouse models have played a crucial role in unraveling the function of the DCs
in the OC function. Models lacking the expression of KCC3 and KCC4 (Kec3™'~ and
Kce4™"~, respectively) showed the same phenotype, degeneration of HCs, probably
due to osmotic stress or membrane depolarization [99, 118]. In Kee3™'~ mouse model,
cell degeneration occurred slowly compared with Kce4 ™'~ mice; it is not known if it is
due to more expression of KCC4 or different properties in the isoforms. In addition,
KCC3 is expressed in type I and III fibrocytes in the stria vascularis, and both also
degenerate in the absence of the protein [118].

As previously mentioned, K* moves between DCs using GJ channels (Figure 3)
[14, 119, 120]. Mouse models have also been extremely useful to decipher the role of
Cx in DCs. It has been reported that Cx30~"~ mice develop profound HL and exert a
negative modulation of Cx26 expression. On the other hand, Cx26™'~ mice develop a
cell degeneration that leads to HL, despite the remaining GJ remain permeable to ion
flux probably due to Cx30 presence [121, 122]. It is worth noting that mutations in
connexin 26 are the most common mutations found in genetically inherited HL. [123]

In addition to their role in ion and molecules flux among SCs, it has been
reported that GJs in DCs could modulate OHCs electromotility: changes in gap
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junction permeability modify membrane potential, leading to DCs depolarization
which reduces OHCs electromotility associated with nonlinear capacitance and
otoacustic emissions [124]. The mechanism by which this occurs is not only related
to K* accumulation in the extracellular space between OHCs and DCs but also to
their mechanical connection. Structural cytoskeleton modifications in DCs, by its
destruction, or Ca®* influx which alters phalangeal process stiffness [125] alters
OHC:s electromotility. Also, uncoupling of the mechanical junctions described in
Section 2.2 between DCs and OHCs generates the same effect [101, 124].

In conclusion, it has been demonstrated that DCs are not merely passive transport-
ers of K ions during the cochlear circulation process, but they also actively partici-
pate in modulating the electromotility of OHCs [121].

4, Conclusions

Impaired K" circulation in the organ of Corti can lead to HL by disrupting essential
processes involved in sound transduction and cochlear function. K* homeostasis plays
a critical role in the proper function of HCs and the conversion of sound vibrations
into electrical signals. K* is the main electric charge that, contrary to what happens
in all other excitable cells in our body, directly depolarizes sensory cells. Molecular
alterations in ion channels and transporters responsible for K* movement can result
in HCs dysfunction and cell death. In this chapter, we detailed the main channels and
transporters involved in the movement of K* from the endolymph to the network of
SCs that facilitate its return to the endolymph. In OHCs, K* entry from the endolymph
is mediated by mechanotransduction channels in the apical region, while its extrusion
is mediated by KCNQ4 channel in the basal region, facing the extracellular space. The
efferent system also plays a role in modulating K* movement to finely tune hearing. It
activates additional K* currents mediated by either SK2 or BK channels. K" is cleared
from the extracellular space by DCs whose membrane contain the K*-CI™ cotransporter
KCC3 and KCC4, the K* channel Kir4.1, and the purinergic P2 receptors. Once taken
by DCs, K* moves through GJ composed of Cx26 and Cx30 back to the stria vascularis,
where it is pumped back into the endolymph. Mouse models bearing alterations in
these channels have helped to determine their importance in the K" circulation process,
which generally leads to progressive HL due to OHC dysfunction and death. Overall,

a comprehensive understanding of the mechanisms underlying K* circulation and its
disruption in the OC is essential for advancing our understanding of HL, improving
diagnosis and management, and ultimately enhancing the quality of life for individu-
als affected by K*-related hearing disorders.
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Appendices and nomenclature

HL: hearing loss, HCs: hair cells, IHCs: inner hair cells, OHCs: outer hair cells,
MOC: medial olivochochlear complex, LOC: lateral olivochochlear complex, OC:
organ of Corti, K*: Ppotassium, Ca?*: calcium, nAChR: nicotinic acetylcholine
receptor, DC: Dieter’s cells, SCs: supporting cells, KO: knock-out, GJ: gap junction.
RP: receptor potential. SNHL: sensorineural hearing loss, ARHL: age-related hearing
loss, NIHL: noise-induced hearing loss, EP: endocochlear potential, Cx: connexin, dn:
dominant negative.

Author details

Guillermo Spitzmaul>**, Ezequiel Rias"* and Leonardo Dionisio"?

1 Institute of Biochemical Research of Bahia Blanca (INIBIBB), National Scientific
and Technical Research Council (CONICET)/National University of the South
(UNS), Bahia Blanca, Argentina

2 Department of Biology, Biochemistry and Pharmacy, National University of the
South (UNS), Bahia Blanca, Argentina

*Address all correspondence to: gspitz@criba.edu.ar

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

58



Potential Mechanisms of Hearing Loss Due to Impaired Potassium Circulation in the Organ...

DOI: http://dx.doi.org/10.5772/intechopen.1002398

References

[1] World Health O. World Report
on Hearing. Geneva: World Health
Organization; 2021

[2] Cunningham LL, Tucci DL. Hearing
loss in adults. New England Journal of
Medicine. 2017;377(25):2465-2473

[3] Haile LM, Kamenov K, Briant PS,

Orji AU, Steinmetz JD, Abdoli A, et al.
Hearing loss prevalence and years lived
with disability, 1990-2019: Findings from
the global burden of disease study 2019.
The Lancet. 2021;397(10278):996-1009

[4] Olusanya BO, Neumann K],
Saunders JE. The global burden of
disabling hearing impairment: A call
to action. Bulletin of the World Health
Organization. 2014;92(5):367-373

[5] Vlajkovic SM, Thorne PR.

Molecular mechanisms of sensorineural
hearing loss and development of

inner ear therapeutics. International

Journal of Molecular Sciences.
2021;22(11):5647

[6] Petit C, Bonnet C, Safieddine S.
Deafness: From genetic architecture to
gene therapy. Nature Reviews Genetics.
12 May 2023. DOI: 10.1038/s41576-023-
00597-7. Online ahead of print

[71 Zhang L, Chen S, Sun Y. Mechanism
and prevention of spiral ganglion neuron
degeneration in the cochlea. Frontiers in
Cellular Neuroscience. 2022;15:814891

[8] Foster AC, Jacques BE, Piu F. Hearing
loss: The final frontier of pharmacology.
Pharmacology Research & Perspectives.
2022;10:e00970

[9] Raviv D, Dror AA, Avraham KB.
Hearing loss: A common disorder
caused by many rare alleles. Annals of

59

the New York Academy of Sciences.
2010;1214(1):168-179

[10] Bayazit YA, Yilmaz M. An overview
of hereditary hearing loss. ORL; Journal
for Oto-Rhino-Laryngology and Its
Related Specialties. 2006;68(2):57-63

[11] Del Castillo I, Morin M,
Dominguez-Ruiz M, Moreno-Pelayo MA.
Genetic etiology of non-syndromic
hearing loss in Europe. Human Genetics.
2022;141(3-4):683-696

[12] Willems PJ. Genetic causes of
hearing loss. The New England Journal of
Medicine. 2000;342(15):1101-1109

[13] Shearer AE, Hildebrand MS,
Schaefer AM, Smith RJH. Genetic
Hearing Loss Overview. GeneReviews®
[Internet]. Seattle (WA)1999-Upd; 2023
Available from: https://www.ncbi.nlm.
nih.gov/pubmed/20301607

[14] Zdebik AA, Wangemann P,
Jentsch TJ. Potassium ion movement
in the inner ear: Insights from genetic

disease and mouse models. Physiology.
2009;24:307-316

[15] Jang MW, Lim J, Park MG, Lee JH,
Lee CJ. Active role of glia-like supporting
cells in the organ of Corti: Membrane
proteins and their roles in hearing. Glia.
2022;70(10):1799-1825

[16] Effertz T, Moser T, Oliver D.
Recent advances in cochlear hair
cell nanophysiology: Subcellular
compartmentalization of electrical
signaling in compact sensory cells.
Faculty Reviews. 2020;9:24

[17] Mittal R, Aranke M, Debs LH,
Nguyen D, Patel AP, Grati M, et al.
Indispensable role of ion channels and



Updates on Hearing Loss and Its Rehabilitation

transporters in the auditory system.
Journal of Cellular Physiology.
2017;232(4):743-758

[18] Liu W, Schrott-Fischer A,

Glueckert R, Benav H, Rask-Andersen H.
The human "Cochlear Battery"-
Claudin-11 barrier and ion transport
proteins in the lateral wall of the cochlea.

Frontiers in Molecular Neuroscience.
2017;10:239

[19] Mistrik P, Ashmore J. The role of
potassium recirculation in cochlear
amplification. Current Opinion in
Otolaryngology & Head and Neck
Surgery. 2009;17(5):394-399

[20] Martinez AD, Acuna R, FigueroaV,
Maripillan J, Nicholson B. Gap-junction
channels dysfunction in deafness and
hearing loss. Antioxidants & Redox
Signaling. 2009;11(2):309-322

[21] Jin Z, Liang GH, Cooper EC,
Jarlebark L. Expression and localization
of K channels KCNQ2 and KCNQ3 in
the mammalian cochlea. Audiology &
Neuro-Otology. 2009;14(2):98-105

[22] Hibino H, Kurachi Y. Molecular and
physiological bases of the K" circulation
in the mammalian inner ear. Physiology.
2006;21:336-345

[23] Rim JH, Choi Y, Jung J, Gee HY.
Activation of KCNQ4 as a therapeutic
strategy to treat hearing loss.

International Journal of Molecular
Sciences. 2021;22(5):2510

[24] Sun W, LiuJ, Zhang C, Zhou N,
Manohar S, Winchester W, et al.
Potassium channel activator attenuates
salicylate-induced cochlear hearing
loss potentially ameliorating tinnitus.
Frontiers in Neurology. 2015;6:77

[25] Sheppard AM, Chen GD, Salvi R.
Potassium ion channel openers, maxipost

60

and retigabine, protect against peripheral
salicylate ototoxicity in rats. Hearing
Research. 2015;327:1-8

[26] Leitner MG, Halaszovich CR,
Oliver D. Aminoglycosides inhibit
KCNQ4 channels in Cochlear

outer hair cells via depletion

of phosphatidylinositol(4,5)
bisphosphate. Molecular Pharmacology.
2011;79(1):51-60

[27] Gradogna A, Pusch M. Molecular
pharmacology of kidney and inner ear
CLC-K chloride channels. Frontiers in
Pharmacology. 2010;1:130

[28] Nouvian R, Ruel J, Wang J,

Guitton MJ, Pujol R, Puel JL.
Degeneration of sensory outer hair cells
following pharmacological blockade of
cochlear KCNQ channels in the adult
guinea pig. The European Journal of
Neuroscience. 2003;17(12):2553-2562

[29] Furness DN. Molecular basis of
hair cell loss. Cell and Tissue Research.
2015;361(1):387-399

[30] Goutman JD, Elgoyhen AB,
Gomez-Casati ME. Cochlear hair cells:
The sound-sensing machines. FEBS
Letters. 2015;589(22):3354-3361

[31] Hudspeth AJ. Sensory transduction
in the ear. In: Kandel ER, Schwartz JH,
Jessell TM, editors. Principles of Neural
Science. 4th ed. New York: bMcGraw-
Hill; 2000. pp. 614-624

[32] McPherson DR. Sensory hair
cells: An introduction to structure and

physiology. Integrative and Comparative
Biology. 2018;58(2):282-300

[33] Pangrsic T, Singer JH, Koschak A.
Voltage-gated calcium channels: Key
players in sensory coding in the retina

and the inner ear. Physiological Reviews.
2018;98(4):2063-2096



Potential Mechanisms of Hearing Loss Due to Impaired Potassium Circulation in the Organ...

DOI: http://dx.doi.org/10.5772/intechopen.1002398

[34] Wan G, Corfas G, Stone JS. Inner
ear supporting cells: Rethinking

the silent majority. Seminars in

Cell & Developmental Biology.
2013;24(5):448-459

[35] Ramirez-Camacho R,
Garcia-Berrocal JR, Trinidad A,
Gonzalez-Garcia JA, Verdaguer JM,
Ibanez A, et al. Central role of supporting
cells in cochlear homeostasis and
pathology. Medical Hypotheses.
2006;67(3):550-555

[36] Slepecky NB. Structure of

the mammalian cochlea. In:

Dallos P, Popper AN, Fay RR, editors.
The Cochlea. New York, NY: Springer
New York; 1996. pp. 44-129

[37] Li-dong Z, Jun L, Yin-yan H,
Jian-he S, Shi-ming Y. Supporting
cells—a new area in cochlear
physiology study. Journal of Otology.
2008;3(1):9-17

[38] Vater M, Lenoir M. Ultrastructure
of the horseshoe bat's organ of Corti.
L. Scanning electron microscopy. The
Journal of Comparative Neurology.
1992;318(4):367-379

[39] Engstrom H, Wersill J. Structure
and innervation of the inner ear
sensory epithelia. In: Bourne GH,
Danielli JF, editors. International
Review of Cytology. 7. Cambridge,
Massachusetts: Academic Press; 1958

[40] Engstrom H, Wersall J.

The ultrastructural organization
of the organ of Corti and of the
vestibular sensory epithelia.
Experimental Cell Research.
1958;14(Suppl 5):460-492

[41] Parsa A, Webster P, Kalinec F. Deiters
cells tread a narrow path--the Deiters
cells-basilar membrane junction. Hearing
Research. 2012;290(1-2):13-20

61

[42] Engstrom H, Wersall J.
Structure of the organ of Corti. II.
Supporting structures and their
relations to sensory cells and nerve
endings. Acta Oto-Laryngologica.
1953;43(4-5):323-334

[43] Rutherford MA, von Gersdorff H,
Goutman JD. Encoding sound in the
cochlea: From receptor potential to
afferent discharge. The Journal of
Physiology. 2021;599(10):2527-2557

[44] Moser T. 2.23-Presynaptic
physiology of Cochlear inner hair cells.
In: Fritzsch B, editor. The Senses: A
Comprehensive Reference. 2nd ed.
Oxford: Elsevier; 2020. pp. 441-467

[45] Oliver DL, Cant NB, Fay RR,
Popper AN. The Mammalian Auditory
Pathways: Synaptic Organization and
Microcircuits. Cham, Switzerland:
Springer; 2018

[46] Ashmore ]. Cochlear outer hair

cell motility. Physiological Reviews.
2008;88(1):173-210

[47] Guinan J] Jr. Olivocochlear efferents:
Their action, effects, measurement

and uses, and the impact of the new
conception of cochlear mechanical
responses. Hearing Research.
2018;362:38-47

(48] Fuchs PA. Synaptic transmission at
vertebrate hair cells. Current Opinion in
Neurobiology. 1996;6(4):514-519

[49] Guinan JJ Jr. Olivocochlear efferents:
Anatomy, physiology, function,
and the measurement of efferent

effects in humans. Ear and Hearing.
2006;27(6):589-607

[50] Glowatzki E, Fuchs PA. Cholinergic
synaptic inhibition of inner hair cells

in the neonatal mammalian cochlea.
Science. 2000;288(5475):2366-2368



Updates on Hearing Loss and Its Rehabilitation

[51] Elgoyhen AB, Vetter DE, Katz E,
Rothlin CV, Heinemann SF, Boulter J.
Alphal0: A determinant of nicotinic
cholinergic receptor function in
mammalian vestibular and cochlear
mechanosensory hair cells. Proceedings
of the National Academy of Sciences

of the United States of America.
2001;98(6):3501-3506

[52] Elgoyhen AB, Johnson DS,

Boulter ], Vetter DE, Heinemann S.
Alpha 9: An acetylcholine receptor with
novel pharmacological properties
expressed in rat cochlear hair cells. Cell.

1994;79(4):705-715

[53] Gomez-Casati ME, Fuchs PA,
Elgoyhen AB, Katz E. Biophysical

and pharmacological characterization
of nicotinic cholinergic receptors

in rat cochlear inner hair cells.

The Journal of Physiology.
2005;566 (Pt 1):103-118

[54] Weisstaub N, Vetter DE,

Elgoyhen AB, Katz E. The alpha9alphal0
nicotinic acetylcholine receptor is
permeable to and is modulated by

divalent cations. Hearing Research.
2002;167(1-2):122-135

[55] Rohmann KN, Wersinger E,

Braude JP, Pyott S], Fuchs PA. Activation
of BK and SK channels by efferent
synapses on outer hair cells in high-
frequency regions of the rodent

cochlea. The Journal of Neuroscience.
2015;35(5):1821-1830

[56] Maison SF, Pyott SJ, Meredith AL,
Liberman MC. Olivocochlear
suppression of outer hair cells in vivo:
Evidence for combined action of BK
and SK2 channels throughout the
cochlea. Journal of Neurophysiology.
2013;109(6):1525-1534

[57] Fuchs PA. A ‘calcium capacitor'
shapes cholinergic inhibition of cochlear

62

hair cells. The Journal of Physiology.
2014;592(16):3393-3401

[58] Narita K, Akita T, Hachisuka J,
Huang S, Ochi K, Kuba K. Functional
coupling of Ca(2+) channels to
ryanodine receptors at presynaptic
terminals. Amplification of exocytosis
and plasticity. The Journal of General
Physiology. 2000;115(4):519-532

[59] Taranda J, Maison SF, Ballestero JA,
Katz E, Savino J, Vetter DE, et al. A
point mutation in the hair cell nicotinic
cholinergic receptor prolongs cochlear

inhibition and enhances noise protection.
PLoS biology. 2009;7(1):¢18

[60] Boero LE, Castagna VC, Di

Guilmi MN, Goutman JD, Belen
Elgoyhen A, Gomez-Casati ME.
Enhancement of the medial olivocochlear
system prevents hidden hearing

loss. The Journal of Neuroscience.
2018;38(34):7440-7451

[61] Jensen JB, Lysaght AC, Liberman MC,
Qvortrup K, Stankovic KM. Immediate
and delayed cochlear neuropathy after

noise exposure in pubescent mice. PLoS
One. 2015;10(5):e0125160

[62] Wright CG, Preston RE. Efferent
nerve fibers associated with the
outermost supporting cells of the organ
of Corti in the guinea pig. Acta Oto-
Laryngologica. 1976;82(1-2):41-47

[63] Liberman MC, Dodds LW, Pierce S.
Afferent and efferent innervation of
the cat cochlea: Quantitative analysis
with light and electron microscopy.

The Journal of Comparative Neurology.
1990;301(3):443-460

[64] Nadol JB Jr, Burgess BJ]. Supranuclear
efferent synapses on outer hair

cells and Deiters' cells in the human
organ of Corti. Hearing Research.
1994;81(1-2):49-56



Potential Mechanisms of Hearing Loss Due to Impaired Potassium Circulation in the Organ...

DOI: http://dx.doi.org/10.5772/intechopen.1002398

[65] Burgess BJ, Adams JC, Nadol JB Jr.
Morphologic evidence for innervation
of Deiters' and Hensen's cells in

the guinea pig. Hearing Research.
1997;108(1-2):74-82

[66] Zhao H-B, Liu L-M, Yu N,

ZhuY, Mei L, Chen J, et al. Efferent
neurons control hearing sensitivity
and protect hearing from noise
through the regulation of gap
junctions between cochlear supporting
cells. Journal of Neurophysiology.
2022;127(1):313-327

[67] Hibino H, Nin F, Tsuzuki C,
Kurachi Y. How is the highly positive
endocochlear potential formed?

The specific architecture of the stria
vascularis and the roles of the ion-

transport apparatus. Pfliigers Archiv.
2010;459(4):521-533

[68] Bazard P, Frisina RD, Acosta AA,
Dasgupta S, Bauer MA, Zhu X, etal.
Roles of key ion channels and transport
proteins in age-related hearing loss.

International Journal of Molecular
Sciences. 2021;22(5):6158

[69] Fettiplace R, Kim KX. The
physiology of mechanoelectrical
transduction channels in

hearing. Physiological Reviews.
2014;94(3):951-986

[70] Holt JR, Stauffer EA,

Abraham D, Géléoc GS. Dominant-
negative inhibition of M-like potassium
conductances in hair cells of the mouse

inner ear. The Journal of Neuroscience.
2007;27(33):8940-8951

[71] Kharkovets T, Dedek K,

Maier H, Schweizer M, Khimich D,
Nouvian R, et al. Mice with altered
KCNQ4 K" channels implicate sensory
outer hair cells in human progressive
deafness. The EMBO Journal.
2006;25(3):642-652

63

[72] Kharkovets T, Hardelin JP,
Safieddine S, Schweizer M,
El-Amraoui A, Petit C, et al. KCNQ4,
a K*-channel mutated in a form of
dominant deafness, is expressed

in the inner ear and the central
auditory pathway. Proceedings of
the National Academy of Sciences

of the United States of America.
2000;97(8):4333-4338

[73] Marcotti W, Johnson SL, Holley MC,
Kros CJ. Developmental changes in

the expression of potassium currents

of embryonic, neonatal and mature

mouse inner hair cells. The Journal of
Physiology. 2003;548(Pt 2):383-400

[74] Housley GD, Ashmore JF. Ionic
currents of outer hair cells isolated from

the guinea-pig cochlea. The Journal of
Physiology. 1992;448:73-98

[75] Marcotti W, Kros CJ. Developmental
expression of the potassium current IK,n
contributes to maturation of mouse outer
hair cells. The Journal of Physiology.
1999;520(Pt 3):653-660

[76] Oliver D, Knipper M, Derst C,
Fakler B. Resting potential and
submembrane calcium concentration

of inner hair cells in the isolated mouse
cochlea are set by KCNQ-type potassium
channels. The Journal of Neuroscience.
2003;23(6):2141-2149

[77]1 Beisel KW, Rocha-Sanchez SM,
Morris KA, Nie L, Feng F, Kachar B,

et al. Differential expression of KCNQ4
in inner hair cells and sensory neurons
is the basis of progressive high-
frequency hearing loss. The Journal of
Neuroscience. 2005;25(40):9285-9293

[78] Beisel KW, Nelson NC, Delimont DC,
Fritzsch B. Longitudinal gradients of
KCNQ#4 expression in spiral ganglion
and cochlear hair cells correlate with
progressive hearing loss in DFNA?2. Brain



Updates on Hearing Loss and Its Rehabilitation

Research. Molecular Brain Research.
2000;82(1-2):137-149

[79] Kimitsuki T, Komune N,

Noda T, Takaiwa K, Ohashi M, Komune S.

Property of I(K,) (n) in inner hair cells
isolated from guinea-pig cochlea.
Hearing Research. 2010;261(1-2):57-62

[80] Dierich M, Altoe A, Koppelmann J,
Evers S, Renigunta V, Schafer MK, et al.
Optimized tuning of auditory inner hair
cells to encode complex sound through
synergistic activity of six independent
K(+) current entities. Cell Reports.
2020;32(1):107869

[81] Winter H, Braig C, Zimmermann U,
Geisler HS, Franzer JT, Weber T, et al.
Thyroid hormone receptors TRalphal
and TRbeta differentially regulate gene
expression of Keng4 and prestin during
final differentiation of outer hair cells.
Journal of Cell Science. 2006;119 (Pt
14):2975-2984

[82] Jeng JY, Carlton AJ, Johnson SL,
Brown SDM, Holley MC, Bowl MR,

et al. Biophysical and morphological
changes in inner hair cells and their
efferent innervation in the ageing mouse
cochlea. The Journal of Physiology.
2021;599(1):269-287

[83] Peixoto Pinheiro B, Vona B,
Lowenheim H, Ruttiger L,

Knipper M, Adel Y. Age-related hearing
loss pertaining to potassium ion channels
in the cochlea and auditory pathway.
Pfliigers Archiv. 2021;473(5):823-840

[84] Van Eyken E, Van Laer L, Fransen E,
Topsakal V, Lemkens N, Laureys W,
etal. KCNQ4: A gene for age-related
hearing impairment? Human Mutation.
2006;27(10):1007-1016

[85] Homma K. The pathological
mechanisms of hearing loss caused

64

by KCNQ1 and KCNQ4 variants.
Biomedicine. 2022;10(9):2254

[86] Zhang X, Wang H, Wang Q.
Progression of KCNQ4 related genetic
hearing loss: A narrative review. Journal
of Bio-X Research. 2021;4(4):151-157

[87] Wang Q, Li W, Cai C, Hu P, Lai R.
miR-153/KCNQ4 axis contributes to
noise-induced hearing loss in a mouse
model. The Journal of Physiological
Sciences: JPS. 2021;71(1):28

[88] Jaumann M, Dettling J, Gubelt M,
Zimmermann U, Gerling A,
Paquet-Durand F, et al. cGMP-Prkgl
signaling and Pde5 inhibition shelter
cochlear hair cells and hearing function.
Nature Medicine. 2012;18(2):252-259

[89] Van Laer L, Carlsson PI,
Ottschytsch N, Bondeson ML,
Konings A, Vandevelde A, et al. The
contribution of genes involved in
potassium-recycling in the inner ear
to noise-induced hearing loss. Human
Mutation. 2006;27(8):786-795

[90] Kubisch C, Schroeder BC,
Friedrich T, Liitjohann B,

El-Amraoui A, Marlin S, et al. KCNQ4,
a novel potassium channel expressed
in sensory outer hair cells, is

mutated in dominant deafness. Cell.
1999;96(3):437-446

[91] Jung J, Lin H, Koh YI, Ryu K, Lee]S,
Rim JH, et al. Rare KCNQ4 variants
found in public databases underlie
impaired channel activity that may
contribute to hearing impairment.
Experimental & Molecular Medicine.
2019;51(8):1-12

[92] Pyott S, Meredith AL, Fodor AA,
Vazquez AE, Yamoah EN, Aldrich RW.
Cochlear function in mice lacking the BK
channel alpha, betal, or beta4 subunits.



Potential Mechanisms of Hearing Loss Due to Impaired Potassium Circulation in the Organ...

DOI: http://dx.doi.org/10.5772/intechopen.1002398

The Journal of Biological Chemistry.
2007;282(5):3312-3324

[93] Pyott SJ, Duncan RK. BK

channels in the vertebrate inner ear.
International Review of Neurobiology.
2016;128:369-399

[94] Murthy V, Maison SF, Taranda J,
Haque N, Bond CT, Elgoyhen AB, etal.
SK2 channels are required for function
and long-term survival of efferent
synapses on mammalian outer hair cells.

Molecular and Cellular Neurosciences.
2009;40(1):39-49

[95] Kong JH, Adelman JP, Fuchs PA.
Expression of the SK2 calcium-activated
potassium channel is required for
cholinergic function in mouse cochlear
hair cells. The Journal of Physiology.
2008;586(22):5471-5485

[96] Ruttiger L, Sausbier M,
Zimmermann U, Winter H,

Braig C, Engel J, et al. Deletion of the
Ca**-activated potassium (BK) a-subunit
but not the BKbl-subunit leads to
progressive hearing loss. Proceedings

of the National Academy of Sciences

of the United States of America.
2004;101(35):12922-12927

[97] Wersinger E, McLean W],
Fuchs PA, Pyott S]. BK channels
mediate cholinergic inhibition of high

frequency cochlear hair cells. PLoS One.
2010;5(11):€13836

[98] Evans MG. Acetylcholine activates
two currents in guinea-pig outer

hair cells. The Journal of Physiology.
1996;491(2):563-578

[99] Boettger T, Hiibner CA, Maier H,
Rust MB, Beck FX, Jentsch TJ. Deafness
and renal tubular acidosis in mice lacking
the K-ClI co-transporter Kce4. Nature.
2002;416(6883):874-878

65

[100] Taylor RR, Jagger DJ, Forge A.
Defining the cellular environment in the
organ of Corti following extensive hair
cell loss: A basis for future sensory cell
replacement in the cochlea. PLoS One.
2012;7(1):e30577

[101] ZhuY, Liang C, Chen ], ZongL,
Chen GD, Zhao HB. Active cochlear
amplification is dependent on
supporting cell gap junctions. Nature
Communications. 2013;4:1786

[102] Forge A, Becker D, Casalotti S,
Edwards J, Marziano N, Nevill G. Gap
junctions in the inner ear: Comparison
of distribution patterns in different
vertebrates and assessement of
connexin composition in mammals.
The Journal of Comparative Neurology.
2003;467(2):207-231

[103] Zhao HB, Yu N. Distinct and
gradient distributions of connexin26
and connexin30 in the cochlear
sensory epithelium of guinea pigs. The
Journal of Comparative Neurology.
2006;499(3):506-518

[104] ZhuY, Zong L, Mei L, Zhao HB.
Connexin26 gap junction mediates
miRNA intercellular genetic
communication in the cochlea and is
required for inner ear development.
Scientific Reports. 2015;5:15647

[105] Boulay AC, del Castillo FJ,
Giraudet F, Hamard G, Giaume C,

Petit C, et al. Hearing is normal without
connexin30. The Journal of
Neuroscience. 2013;33(2):430-434

[106] Ding D, Liu H, Qi W, Jiang H,

LiY, Wu X, et al. Ototoxic effects and
mechanisms of loop diuretics. Journal of
Otology. 2016;11(4):145-156

[107] Dominguez LM, Dodson KM.
Genetics of hearing loss: Focus on



Updates on Hearing Loss and Its Rehabilitation

DFNA2. The Application of Clinical
Genetics. 2012;5:97-104

[108] Nie L. KCNQ4 mutations associated
with nonsyndromic progressive
sensorineural hearing loss. Current
Opinion in Otolaryngology & Head and
Neck Surgery. 2008;16(5):441-444

[109] De Leenheer EM, Ensink R],

Kunst HP, Marres HA, Talebizadeh Z,
Declau F, et al. DFNA2/KCNQ4 and its
manifestations. Advances in Oto-Rhino-
Laryngology. 2002;61:41-46

[110] Carignano C, Barila EP, Rias EI,
Dionisio L, Aztiria E, Spitzmaul G.
Inner hair cell and neuron degeneration
contribute to hearing loss in a DFNA2-
like mouse model. Neuroscience.
2019;410:202-216

[111] Wu T, Lv P, Kim HJ, Yamoah EN,
Nuttall AL. Effect of salicylate on
KCNQ#4 of the guinea pig outer hair
cell. Journal of Neurophysiology.
2010;103(4):1969-1977

[112] Noh B, Rim JH, GopalappaR,

Lin H, Kim KM, Kang MJ, et al. In vivo
outer hair cell gene editing ameliorates
progressive hearing loss in dominant-

negative Kcng4 murine model.
Theranostics. 2022;12(5):2465-2482

[113] Cui C, Zhang L, Qian F, ChenY,
Huang B, Wang F, et al. A humanized
murine model, demonstrating dominant
progressive hearing loss caused by a
novel KCNQ4 mutation (p.G228D) from
a large Chinese family. Clinical Genetics.
2022;102(2):149-154

[114] Peixoto Pinheiro B, Muller M,

Bos M, Guezguez ], Burnet M,
Tornincasa M, et al. A potassium channel
agonist protects hearing function

and promotes outer hair cell survival

in a mouse model for age-related

66

hearing loss. Cell Death & Disease.
2022;13(7):595

[115] Skinner L], Enée V, Beurg M,

Jung HH, Ryan AF, Hafidi A, etal.
Contribution of BK Ca2+-activated K+
channels to auditory neurotransmission
in the guinea pig cochlea. Journal of
Neurophysiology. 2003;90(1):320-332

[116] Roux I, Wersinger E, McIntosh JM,
Fuchs PA, Glowatzki E. Onset of
cholinergic efferent synaptic function
in sensory hair cells of the rat

cochlea. The Journal of Neuroscience.
2011;31(42):15092-15101

[117] Johnson SL, Adelman JP,

Marcotti W. Genetic deletion of SK2
channels in mouse inner hair cells
prevents the developmental linearization
in the Ca2+dependence of exocytosis.
The Journal of Physiology.
2007;583(2):631-646

[118] Boettger T. Loss of K-Cl
co-transporter KCC3 causes deafness,
neurodegeneration and reduced
seizure threshold. The EMBO Journal.
2003;22(20):5422-5434

[119] Kikuchi T, Kimura RS,

Paul DL, Adams JC. Gap junctions in
the rat cochlea: Immunohistochemical
and ultrastructural analysis.

Anatomy and embryology (Berl).
1995;191(2):101-118

[120] Santos-Sacchi J, Dallos P.
Intercellular communication in
the supporting cells of the organ
of Corti. Hearing Research.
1983;9(3):317-326

[121] Zhao HB. Hypothesis of K(+)-
recycling defect is not a primary deafness
mechanism for Cx26 (GJB2) deficiency.
Frontiers in Molecular Neuroscience.
2017;10:162



Potential Mechanisms of Hearing Loss Due to Impaired Potassium Circulation in the Organ...
DOI: http://dx.doi.org/10.5772/intechopen.1002398

[122] Zhu Y, Chen ], Liang C, Zong L,
Jones RO, Zhao HB. Connexin26 (GJB2)
deficiency reduces active cochlear
amplification leading to late-

onset hearing loss. Neuroscience.

2015;284:719-729

[123] Chan DK, Chang KW. GJB2-
associated hearing loss: Systematic
review of worldwide prevalence,
genotype, and auditory phenotype. The
Laryngoscope. 2014;124(2):E34-E53

[124] Yu N, Zhao HB. Modulation of
outer hair cell electromotility by cochlear
supporting cells and gap junctions. PLoS
One. 2009;4(11):€7923

[125] Dulon D, Blanchet C, Laffon E.
Photoreleased intracellular Ca2+ evokes
reversible mechanical responses in
supporting cells of the guinea-pig
organ of Corti. Biochemical and

Biophysical Research Communications.
1994;201(3):1263-1269

67






Chapter 5

Comparison of Information and
Communication Technology
Provision in Higher Education for
Students with Hearing Disabilities
across Different Countries

Manal Alkharji

Abstract

The purpose of this chapter is to investigate the most important information and
communication technologies (ICT) that should be provided to students with hearing
disabilities in higher education institutions by reviewing the most important research,
studies, and recent literature in several countries at the present time and compar-
ing them. The primary goal is to communicate the importance of ICT and highlight
how they benefit students with hearing disabilities in colleges and universities. This
chapter gives examples of ICT being offered across several countries. The result of
the present review shows that there are a few successful experiences regarding the
provision of ICT in higher education. Showcasing the significance and usefulness of
ICT use for students with hearing disabilities in obtaining information and communi-
cating in the classroom. Additionally, ICT availability in higher education institutions
differs from country to country. ICT in higher education should be prioritized by
governments since they enable students with hearing disabilities to overcome barriers
present in conventional higher education programs.

Keywords: C-print, deaf, hard of hearing, hearing disabilities, higher education, ICT,
real-time captioning

1. Introduction

Technology made great strides throughout the last decade of the twentieth century
and the beginning of the twenty-first century, especially in the areas of Information
and Communication Technologies (ICT), which had an impact on educational
systems. The students with disabilities have benefited from this advancement, among
other groups. Many laws have emphasized the rights of individuals with disabilities
by enabling them to use technology and communication methods that foster the
greatest possible intellectual and social development [1]. Article 9 of the Convention
on the Rights of Persons with Disabilities (CRPD) specifically emphasizes the duty
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of Member States to ensure access to ICT. Thus recognizing the importance of ICT
application in the modern age [2].

The modern educational trends emphasize the need to find the best technologies
and the most effective means concerned with providing an interactive educational
environment. That is suitable for attracting the interest of students with hear-
ing disabilities and urging them to learn as well as improving the outcomes [3].
According to Zirzow, education is a field greatly impacted by technology for the
purposes of instruction and communication [4]. Therefore, the influence of ICT
is extended to the field of higher education for students with hearing disabilities
in all its specializations. This means improving classrooms through the provision
of technological devices, such as computers, real-time captioning, C-Print, and
whiteboard [5, 6].

2. ICT for students with hearing disabilities in higher education

ICT in education refers to the adoption of generic information technologies in
the teaching and learning process [7]. Computer and network hardware, as well as
associated communication software, are all parts of ICT. In other words, ICT includes
information technology in addition to devices and tools represented in the computer
and its applications, and all other electronic and digital means of assistance [8, 9].
Modified or specialized instructional technologies are used with students with dis-
abilities to improve their performance and capabilities [1].

There should be as many avenues as possible for students with hearing disabilities
to access information. Therefore, the inclusion of technology for these students in
teaching is very important. According to United Nations, ICT should be used to
promote greater inclusiveness and involvement. ICT has a higher role in this regard
to educate students with hearing disabilities at the same pace as their peers [8].

ICT makes it easier for them to participate in the educational process and academic
development [10]. Therefore, students with hearing disabilities in higher education
institutions should be equipped with the requisite technological know-how to use the
technology that is made available to them. This is done to guarantee that technologi-
cal services are used effectively because developing these abilities boosts students’
academic performance [11]. According to Peng and Daud, the integration of ICT into
the classroom of students with hearing disabilities is more complicated because they
are generally classified as visual learners [12]. Therefore, technology in education is
crucial for these students because their nature of learning to access the information is
visually orientated [13].

As ICT is a visual medium, it allows students with hearing disabilities to
expand both their general knowledge and language use without being reliant on
spoken word. This is done by displaying pictures, signs, or writings on a screen [8].
It is one of the primary methods used to transmit information to these pupils since
it fosters their ability to learn and process information [14]. Therefore, technol-
ogy should be made available to all teachers and students with hearing disabilities
and adapting it to make it applicable in the learning environment. It is an essential
aspect when providing educational services in the classrooms that include students
with hearing disabilities because the visual display plays a key role in understanding
a task [5, 13].

The benefits of using ICT in teaching and learning are based on the opportuni-
ties it provides for alternate forms of communication, offering access to educational
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resources in a more convenient way [15]. The use of ICT in teaching process at higher
education institutions helps students with hearing disabilities to access educational
resources and enhances motivation by enabling them to actively participate in
learning experiences. Moreover, the use of ICT in teaching helps these students learn
effectively, promotes access to the general curriculum, develops independent work
skills, as well as improves access to education and enhances educational and employ-
ment opportunities for students with hearing disabilities [16]. In addition, the use of
ICT can help them improve their language skills.

Both Students with hearing disability rehabilitated by hearing aids or cochlear
implants and students with hearing disability non-rehabilitated could benefit from
ICT. According to Peng and Daud, whatever the degree of hearing loss for students,
it is possible to compensate this loss through the use of ICT services that help them
obtain information within the classroom [12].

Despite the importance of ICT in the education of students with hearing disabili-
ties in higher education, many of them today lack access to the most up-to-date ICT
tools and technologies [13]. Effective technological integration in education is ham-
pered by significant barriers. ICT integration in students with hearing disabilities’
classrooms is more complex and difficult to learn in some ways. This is because the
students have different levels of hearing loss which either directly or indirectly affect
them [12]. Secondly, there is not a single, obvious way to incorporate technology into
educational environments [17]. Thirdly, barriers that were identified by Lartz et al.
included the interactions between sign language interpreters and the technology at
the same time during the lectures, and difficulties in coordinating information from
the faculty members, the interpreter, and the technology [18]. According to Chong
and Shaffe, without the ICT, the students with hearing disabilities are unable to fully
participate in the classroom discussions [19]. Furthermore, researchers mentioned
that the use of technologies in the learning process of students with hearing disabili-
ties is not often addressed in secondary schools, and this has ramifications when they
attend higher education [20].

To overcome these obstacles, previous researchers have recommended involving
faculty members and students with hearing disabilities in the planning processes of
using the assistive technology. Faculty members need to be willing to use ICT in their
classes and have access to resources when needed [8]. Also, Lartz et al. recommended
that the technology planning for a classroom should be done by all the stakeholders,
such as faculty members, students with hearing disabilities, and interpreters [18].
Moreover, Al-Rayes recommended that modern technology must be employed in the
teaching of students with hearing disabilities, as well as training faculty members on
designing websites and electronic tests for these students [21]. Furthermore, students
with hearing disabilities should be able to read subtitles and use wireless devices in
the classroom to listen to higher education instructors.

Many studies indicated that students with hearing disabilities in higher education
institutions used a group of technologies, such as the internet, e-mail, messaging,
real-time captioning, C-Print, and whiteboard [5, 6, 18, 22]. The use was justified
by the fact that a few of the faculty members who instructed students with hearing
disabilities in universities were fluent sign language communicators. Thus, technol-
ogy was the primary means of communication with students with hearing disabili-
ties during the lectures [18]. Obviously, faculty members should choose the best
technological devices and tools to support their students’ learning processes while
considering their individual peculiarities and special requirements [17]. A detailed
explanation of each technology is stated below:
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2.1Real-time captioning

One of the devices that is used by students with hearing disabilities in higher
education institutions is real-time captioning [11]. Real-time captioning, known as
speech-to-text, is one method of providing communication access [23]. It is a techno-
logical device that transforms audio content into a text display to facilitate informa-
tion access and improve communication opportunities [5]. Real-time captioning,
often referred to as live transcription or speech-to-text, is a service that provides
students with hearing disabilities with immediate access to spoken communication
in lectures and conversations [24]. The text message is displayed on the screen and
includes conversations and audios [12]. Also, caption is a visual tool that assists the
learning process of students with hearing disabilities and overcomes the hurdles they
face in classrooms and enhances reading skills [5].

Captioning is the most valuable element to the students with hearing disabilities in
a higher education level. It appears to be a useful tool for supporting hearing disabili-
ties college students in accessing information and communicating [24]. This service
is suitable for those students who do not benefit from hearing assistive devices, and
students who have difficulty following lessons [11]. Offline captions are created by
playing a video and the online captions in real-time are transferred into written texts.
Therefore, using captions facilitates access to discussions and lectures by students
with hearing disabilities [5]. According to Stinson and Stevenson, students with
hearing disabilities perform better academically after receiving captioning services
because it facilitates their learning [11].

Previously, research suggested that students with hearing disabilities prefer
notes created in real-time systems rather than handwritten notes. This is because
they provided a permanent record that a student can review after class to remember
relevant information [22, 25]. Moreover, handwritten notes have limitations. They can
be messy or disorganized since note-takers could not write nearly as rapidly as faculty
members can talk [26]. As an illustration, explanatory publications that are published
in real time retain the most information from faculty members, even though the notes
taken may differ from those of note-takers. Nevertheless, the availability of such notes
may lead to increased workload rate of students with hearing disabilities, requir-
ing time and a lot of extra effort to identify the important points [24]. According to
Kawas, Karalis, Wen, and Ladner, there are several problems related to the use of
real-time captioning in university, such as limited control, and complex settings [27].

2.2 C-print

One of the first technological devices that students with hearing disabilities used
in colleges and universities was Computer-Aided Transcription System (C-print) [28].
The C-Print service was first provided in 1996. In 2015, more than 2000 students were
trained to provide this service. In recent years, the use of C-Print service has grown
significantly. C-Print is a computer-related system which is used in lectures to help
students with hearing disabilities to transcribe and print speech [22]. It is a system
of real-time transcription and conversion of speech into written text. It is considered
a printed literal version of what was said in lectures. By saving texts created during
lessons and saving them in electronic form, it gives students with hearing disabilities
areference method to remember lectures [22]. Additionally, the computer-saved text
file is used by being edited, printed, and then distributed to tutors and students with
hearing disabilities [28].
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Stinson et al. presented different benefits of C-Print services. First, the display
remains on the screen long enough to allow students with hearing disabilities to fill
in information they might have missed from the interpreter or faculty members.
Second, a hard copy of the lecture transcript is available after class in the computer’s
memory [22]. Third, it can be useful for students with hearing disabilities in writ-
ing their assignments or improving their written language [29]. According to Elliot,
Stinson, McKee, Everhart, & Francis, C-Print usage and academic performance were
positively correlated because it improves students’ educational opportunities [30].
Furthermore, the results of Stinson et al. indicated that the students with hearing
disabilities preferred the use of the C-Print service because it was much more detailed
than the handwritten notes [22].

More so, there are many technological devices that help students with hearing
disabilities benefit from hearing remnants and improve learning outcomes, such as
interactive whiteboard and e-textbooks [3, 6]. Interactive whiteboard is one of the
various methods which is used to deliver helpful learning experiences. It has become
popular in the last ten years because it facilitates and improves the learning of these
students [6]. Students with hearing disabilities benefit from interactive whiteboards
because they can see what is going on and what they need to do without having to
listen to the teachers. Written instructions combined with demonstrations enable
for hearing student involvement without the requirement for listening or speaking
[8]. Additionally, in educational settings, e-textbooks are becoming more common.
Collaboration and interaction are made easier with the material, other students, and
the teacher through interactive features including surveys, quizzes, note-exchange,
and instructor remarks. Also, the usage of digital recorders by students who have mild
to moderate hearing loss is frequently beneficial. The technology allows students with
hearing disabilities to record lectures, which may then be played back later. This can
be especially helpful in settings without additional listening devices [10].

3. ICT provision for students with hearing disabilities in higher education
in different countries

3.1 United States of America (USA)

In the USA, there are many public and private higher education institutions that
provide services to students with hearing disabilities such as Gallaudet University
and the National Technical Institute for the Deaf (NTID). According to Stinson et
al. approximately 75% of students with hearing disabilities receive their education
alongside hearing classmates [22]. More and more of these students enroll in normal
colleges alongside peers who can hear. More than 23,000 of the 25,000 students with
hearing disabilities participating in postsecondary education in the USA are doing so
in programs with a hearing student majority [31]. According to Hyde et al., students
with hearing disabilities frequently struggle to understand speakers and other partici-
pants when they attend classes with hearing students [23]. Therefore, ICT helps these
students to understand the speakers.

According to Braun et al., there are centers in the US providing ICT for students
with hearing disabilities, such as the NTID, which provides global teaching and learn-
ing resources to better support these students in higher education [29]. The NTID,

a college of Rochester Institute of Technology (RIT), was founded in 1965 to offer
technical and professional education programs to students with hearing disabilities,
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along with arts and sciences curriculum, to better prepare them for life and work [23].
At the NTID, real-time captioning and systems such as C-Print are provided which is
a speech-to-text system that helps students with hearing disabilities access informa-
tion in the educational environment. Computer and Internet technologies have also
been utilized to their advantage [16].

Hyde et al. examined a significant communication tool created at NTID, the
C-Print real-time captioning service, which is utilized to improve students’ com-
munication access at RIT and other colleges and universities [23]. Captioning is a
commonly used system in many US higher education institutions. Also, C-Print,
TypeWell, and Communication Access Real-Time Translation (CART) are the main
systems used in US higher education institutions to provide real-time captions.
Therefore, the C-Print real-time captioning system has been in development by a
team of academics and developers at NTID for the past 25 years [23]. C-Print and
TypeWell offer meaning captions, which means the caption translates spoken lan-
guage into a simple-to-read format using a standard keyboard [24].

3.2 Kingdom of Saudi Arabia (KSA)

After King Fahad bin Abdul-Aziz’s approval on March 8, 2001, students with
hearing disabilities may apply to higher education institutions, ensuring they had
the same access to higher education possibilities as other students [32]. Even though
there are 30 public universities and 12 private universities in the KSA, the statistics
showed that there are few higher education institutions that provide programs to
students with hearing disabilities [33]. Based on the royal approval, departments for
these students were opened at the College of Telecom and Information (CTI), the
Arab Open University (AOU), and King Saud University (KSA) [32]. At the CTI, the
department of special technology program is one of the first introductory programs
for students with hearing disabilities in higher education. In 2005 and 2006, special
classes for these students were opened at the CTI in Riyadh, Hail, and Al Qassim city.
Each department has classrooms and computer labs [21].

In 2011, KSU prepared the university environment for the admission of students
with hearing disabilities by equipping the halls with the necessary requirements and
techniques for their education [32]. Additionally, the classrooms have been equipped
with advanced and modern technological devices. To assist students with hearing
disabilities with writing reports and conducting library or online searches, additional
services are offered. In a higher education program for students with hearing dis-
abilities at KSU, Al-Hawi conducted a study with the intention of determining the
reality of ICT use among faculty members and support staff. The researcher used a
questionnaire-based survey using descriptive methodology. The sample consisted of
26 faculty members and support staff who were in the program. The findings showed
that the internet, computers, smart boards, and electronic mail systems were the most
common and widely utilized technology among KSU faculty members and support
staff. However, the challenges that prevented them from using the ICT were the result
of poor awareness of its importance in teaching students with hearing disabilities [3].

Within the same context, a study by Salem identified the reality and the obstacles
of using educational technologies among students with hearing disabilities at the
same university. The study sample consisted of 40 students. The results showed that
the use of technology in learning was moderate, and the poor level of Arabic language
in reading and writing among the students with hearing disabilities was the most
important obstacle which limits the use of technology. The results indicated that
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the amount of technology use in education was moderate and that the main barrier
limiting the use of technology among students with hearing disabilities was their low
proficiency in reading and writing Arabic [34]. There was empirical evidence that
students with hearing disabilities did not gain skills above the level of third-to-fourth
grade in reading and writing [35].

According to Al-Kharji and Cheong, students with hearing disabilities do better
academically if technology is used more effectively in Saudi universities because it
significantly aided these students in gaining access to and remembering lecture mate-
rial [32]. Despite this, some universities face challenges in the effective use of these
devices [34]. Al-Hawi and Al-Rayes recommended that the Saudi universities must
increase the availability of hardware, software, educational devices, and applications
necessary for the uses of ICT directed specifically at serving the students with hearing
disabilities, including computers, digital speakers, and headphones [3, 21].

3.3 United Arab Emirates (UAE)

In the UAE, each student with disabilities is integrated and educated by the
Ministry of Education. Students with hearing disabilities are included in all educa-
tional levels up to the undergraduate level. Also, they get special education along
with other hearing students to take advantage of educational possibilities when they
become available [36]. In UAE higher education institutions, students with hearing
disabilities utilize computers to sharpen their writing and linguistic abilities. These
students can learn how to use ICT tools and resources for education. Through their
visual memories, they use digital information resources for reading, writing, and
social engagement [37]. Moreover, there are several reports on the use of the Internet
for educational purposes whether for self-learning or teaching, accessing information,
enhancing thinking abilities, or increasing knowledge. The outcomes of these reports
highlight how crucial the Internet is for students with hearing disabilities. This is
since having access to and using the Internet is now a requirement for these students
to be successful in their academic endeavors [1].

Al Ain University (AAU) was one of the first universities in Al Ain and Abu Dhabi
that started a program for students with hearing disabilities to obtain a bachelor’s
degree in Applied Sociology and Special Education in 2015. The programs began with
30 and 38 students [1]. As a foundation for innovation and to better prepare students
with hearing disabilities for the job market, AAU has been motivated to incorporate
contemporary technologies into the educational process in its curricula and instruc-
tional goals. As a result, the institution has given the usage of ICT alot of consider-
ation. The AAU supplies a variety of materials and technological equipment for the
courses and has high-speed Internet connections. Furthermore, the university website
includes learning tools like Microsoft Team, Moodle, and Egate, electronic courses are
also offered [1]. Kaba and Ellala presented several recommendations to the UAE higher
education institutions. First, academic programs should make sure that students with
hearing disabilities have access to computers and the Internet on campus. Second,
institutions must arrange training sessions and workshops on how to successfully use
computers and the Internet for academic purposes for these students [1].

3.4 Russia

In Russia, since 1934, Bauman Moscow State Technical University (BMSTU) is one
of the most important universities that has provided students with hearing disabilities
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with an opportunity for education. Subsequently, in 1994 a Deafness Center was
established within BMSTU, with greater focus on the needs of students. This center
provides many technological devices, the most important of which are smart boards,
computers, projectors equipped with classrooms, as well as PowerPoint presentations
and MS Word materials [16].

In BMSTYU, the C-Print system is not available, but the “in-class notes” approach
has been used. In this approach, faculty members are responsible for taking notes
and all conversations by typing on their computer to be displayed on a screen. This
method is quite effective but very time-consuming. Kirsanova et al. mentioned that
although there are various programs for students with hearing disabilities in Russia,
there is a need for improvement regarding the use of ICTs in teaching students with
hearing disabilities. It also recommended to organize training courses in the use of
ICT for faculty members who work with these students. In addition to experimenting
with new technologies and methods [16].

3.5 Europe

The European Union (EU) has established directives that would provide ICT
accessibility by 2023, such as audiovisual media services, electronic communications,
and websites. Its objective is ICT accessibility for students with disabilities. The most
of member states have regulating bodies in place and regulations to support and
encourage the accessibility of ICT services as well as websites and mobile applications.
However, availability varies from country to another [38].

Most EU countries, including the United Kingdom, Norway, Germany, France,
Denmark, Slovakia, Sweden, Ireland, Switzerland, and Netherlands have policies in
place to make it easier for students with hearing disabilities to access information,
communication, and education as well as ICT services. A growing number of acces-
sible communication tools are being developed for these students, such as offline
and closed captions, text and video relay services, video remote interpreting services
that may be accessed through an application or as a web service, and communication
access real-time translation (CART), and other augmentation and alternative com-
munication methods [38].

Also, in these countries, there has been a growing interest in employing teachers
for students with hearing disabilities, educating professionals and staff about the ICT
accessibility issues, as well as digital accessibility, such as web and electronic docu-
ment accessibility, and real-time captioning. Moreover, accessibility has been imple-
mented to websites and mobile applications of higher education institutions based
on the Royal Decree 1112/2018 in Spain [38]. They gave them the chance to learn,
connect with others, and use the same services in a way that was efficient and fair in
universities and colleges. In contrast, many countries still do not have closed caption-
ing, and sign languages do not consistently provide comprehensive information [39].

3.5.1 Slovenia

In Slovenia, very few students with disabilities effectively completed their studies in
higher education [10]. According to the Deaf and Hard of Hearing Clubs Association
of Slovenia, the students with hearing disabilities are most affected by this issue,
and they are also the least educated group in Slovenia [40]. The educational process
in Slovenian higher education institutions can be made easier for the students with
hearing disabilities so that they can follow lectures. Since these students must rely
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more on their vision owing to hearing loss, supportive visual media aids like graphs,
tables, and spreadsheets are frequently employed for computer education [41]. In
Slovenia, various pieces of technology and software are presently used in classrooms
and institutions to assist students with hearing disabilities [10].

3.6 Australia

Few universities in Australia offer specialist help for students with hearing
disabilities; Instead, it offers general disability support departments in 39 institu-
tions. When needed, it hires tutors and interpreters. Griffith University is one of the
few universities in Australia with a specialist curriculum for these students, which
enrolls more than 32,000 students over five sites in Southeast Queensland [23].
Students with hearing disabilities have a long history at Griffith; the university’s Deaf
Student Support Program (DSSP), which was founded in 1985, is still active today.
This program provides some ICT services such as captioned videos and professional
tutorial assistance. Almost ten years ago, the majority of other Australian universities
have created a variety of support services for these students [23].

A retrospective analysis of students with hearing disabilities’ experiences at
Griffith during a 20-year period, as well as the experiences of graduates in employ-
ment and further education, was conducted by the Center for Deaf Studies and
Research. The study’s goals were to determine which academic, social opportunities,
and support services helped graduates with hearing disabilities transition success-
fully into the workforce and how much their university experiences contributed to
that achievement. There were 72 participants, including present and former Griffith
University students. The bulk (70%) had attended the institution between 2000 and
2005 and were enrolled or recent graduates [23]. The study asked respondents about
communication technologies used. Participants clearly said that the availability of
their selected academic program was the main factor in their decision to attend the
university (76%). Furthermore, 21% of respondents said that knowing about Griffith
University’s support services played a significant role in their decision. Peer note-
taking was most frequently used (65%), followed by laptop computer note-taking
(19%). 35% of the students with hearing disabilities reported using technology and
communication aids, such as hearing aids, Frequency Modulation (FM) devices,
web services, e-mail, and short message service, while 36% of these students used
interpreters. Overall, the students with hearing disabilities enrolling at this university
demonstrated significant and successful engagement in their academic, social, and
professional endeavors [23].

3.7 New Zealand

According to Hyde et al., the transition process for students with hearing
disabilities in New Zealand has only ever been investigated in the study of Powell,
which was carried out in (2011). According to the study’s findings on transition,
New Zealand students’ learning and participation experiences when they started
postsecondary study were significantly influenced by their level of understanding
of their own learning needs, and familiarity with the variety of resources available,
including ICT [23, 42]. Moreover, the problems it revealed are still relevant today.
Since the study, neither the delivery of support services nor the use of and expertise
with various technological aids has changed. For students with hearing disabilities in
New Zealand, there is still no planning available for the transition of these students
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to higher education [23]. Consequently, any progress toward inclusive education at
the postsecondary level for students with hearing disabilities must be on par with
hearing students. Additionally, there must be a greater understanding of the aca-
demic and technology needs of students with hearing disabilities before they move
from compulsory education to higher education. Also, there must be decisions about
providing supportive technology services to these students before enrolling in higher
education [23].

3.8 South Africa

In South Africa, there are some higher education institutions which accept
students with hearing disabilities but do not offer necessary academic support or
inclusive curriculum. According to Bell and Swart, students with hearing disabilities
are getting more access to higher education, but they are still underrepresented and
receive inadequate support, which frequently leads to subpar academic results. Both
in established and developing countries, including South Africa, students with hear-
ing disabilities are still underrepresented in higher education [43]. In addition, very
little study has been done in South Africa on the teaching and learning requirements
of these students in higher education or on the services and techniques they need
to succeed academically. Consequently, universities are under increasing pressure
to enhance the overall teaching and learning support offered to these students in
order to have a beneficial impact on these students’ overall academic experience and
economic independence [43].

4. Discussion

In many countries, ICTs have the potential to be an effective instrument for
increasing educational possibilities for students with disabilities. ICTs have generally
lowered the entrance requirements for higher education. Therefore, ICT should be
made available and systematically used in countries since it also improves research,
teaching, and learning [44]. In order to use ICT effectively, policies must be clearly
stated, operationalize specific plans for targets, and guarantee the availability of
necessary resources. For instance, increases in the number of faculty members who
use online reporting, and increases in the percentage of courses that incorporate
ICT technologies in their design and delivery [45]. As asynchronous learning is
made feasible by ICTs through online course materials, students no longer have to
rely entirely on printed books and other materials for their educational needs. The
Internet has made it possible for a limitless number of students to have access to a
multitude of educational resources in practically every subject and across a range of
media [44].

Students with hearing disabilities around the world have had the opportunity
to benefit from the changes that occurred when technology was provided and used
in higher education institutions [32]. Prior studies investigated how students with
hearing disabilities from various parts of the world used ICT tools and resources
in higher education institutions [1]. Bell and Swart, stated that although more and
more students are being admitted to universities in both developed and developing
countries, they are still under supported in some countries, which frequently leads
to subpar academic performance [43]. Furthermore, most of the research on the
academic inclusion of students with hearing disabilities in higher education has been
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conducted in settings with specialized support services, as the kind and scope of sup-
port services vary considerably between countries [23].

The use of facilities that are related with computers such as e-mail and the Internet
is nothing new in many developed countries [16]. In contrast, there are some coun-
tries that do not provide the necessary support for students with hearing disabilities
in higher education [23]. The current review of previous studies that examined the
provision of ICT to students with hearing disabilities in higher education in several
countries found that countries such as the US and Australia provide real-time cap-
tioning which is a speech-to-text system to help these students access information in
the educational classrooms. Students with hearing disabilities use real-time caption-
ing at universities and colleges such as NTID and Griffith University to help them get
over communication obstacles caused by learning in hearing-predominant settings
[24]. They also took advantage of computer and Internet technologies, web services,
e-mail, and SMS to improve their achievement [16]. Another factor in improving the
performance of these students in the US is the provision of C-Print system in higher
education institutions for many years. Results from several previous studies showed
that undergraduate students with hearing disabilities who received C-print services in
their classes have benefited from these services because they got the important details
of the lessons and there were also printable computer-saved copies. In contrast, the
C-Print system is not available at BMSTU in Russia, but note-taking and in-class
conversations have been utilized by faculty members by typing on their computers
then displaying on the screen [28].

In other countries such as KSA, UAE, and Russia, ICT has been given a lot of
attention. According to Al-Kharji and Cheong, the academic success of students
with hearing disabilities in higher education institutions is greatly influenced by
the technology because it has the potential to improve their ability to learn and raise
their participation rate and performance [32]. In these countries, many technologies
have been made available, the most important of which are computers, the internet,
projectors, smart boards, PowerPoint, MS Word, Microsoft Team, and electronic
mail systems. Classrooms are also equipped with advanced and modern technological
devices in several universities such as BMSTU, KSU, and AAU [1, 16, 32]. This review
also showed that in higher education institutions in Slovenia, computer graphs and
spreadsheets are used in the classroom to help students with hearing disabilities, in
addition to various technological devices [10, 41]. However, other countries such as
New Zealand do not yet have any existing planning for student programs in higher
education [23]. Although some higher education institutions in South Africa accepted
students with hearing disabilities, they do not provide adequate services [43].

5. Conclusion and recommendations

Although many countries have programs for students with hearing disabilities in
higher education, there are many obstacles related to the provision or use of ICT [46],
which makes initiatives and studies related to the provision of ICT to these students
in higher education institutions an urgent issue. Considering the previous literature
review, a number of recommendations and suggestions were proposed that may help
policymakers and decision-makers in educational practices to develop higher educa-
tion programs for students with hearing disabilities more effectively. These recom-
mendations are related to plans and guidelines that must be implemented to ensure
availability, quality, and effectiveness of ICT. Considering the critical role of ICT in
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higher education programs for students with hearing disabilities, there is a need to
pay more attention to providing communication and technology systems with focus
on visual learning processes in higher education institutions in several countries.
This is necessary to develop the programs to cover the needs of these students and for
equitable access to higher education.

In different countries, the Ministry of Education should work side by side with
stakeholders specialized in higher education programs for students with hearing
disabilities in order to provide ICT that is commensurate with the abilities and needs
of these students. Also, the Ministry of Education should give the higher education
sector the authority to develop existing programs and open more programs for these
students, while making sure to provide various ICT tools that are commensurate with
the needs and capabilities of these students. Moreover, a mechanism must be put in
place to evaluate the performance of higher education institutions to achieve quality
and efficiency regarding the provision of ICT and training in its use [32].

In addition, institutions that have programs for students with hearing disabilities
must establish a support service office to provide and evaluate the ICT. The sup-
port office shall provide ICT both in lectures such as computers, Internet, real-time
captioning, C-Print system, and smart boards. According to Al-Hawi, the physical
environment and the halls in higher education institutions should be equipped with
the latest projectors suitable for students with hearing disabilities understanding of
lectures [3].

Lastly, the current review recommends the necessity of simulating international
experiences in providing ICT services to these students in higher education, by
making use of successful models. It is hoped that this review will inspire future
researchers to look more deeply into the readiness and use of different technologies in
different higher education institutions globally. In conclusion, there are similar areas
that future researchers can explore and review. Also, comparative studies are needed
to compare the use of assistive technology in higher education programs for students
with hearing disabilities in different countries.
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with Dementia: Challenges and
Opportunities in Diagnosis and
Management
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Abstract

Both dementia and hearing loss are highly prevalent in older adults and often co-
exist, increasing the complexity of diagnosis and management of both conditions. As
the population ages, an increasing number of people will experience both long-term
conditions. The cause of the association is unclear, although there are several com-
monly proposed mechanisms. Within this chapter, we explore current challenges that
exist in discriminating between symptoms and complications of hearing and cogni-
tive difficulties, and how these factors can impact the identification and management
of both conditions. Management options, including the role of audiology services and
care, will be presented, and explored in context. As hearing loss has been identified
as a potentially modifiable risk factor for dementia, contemporary research evidence
will be highlighted, including the challenges associated with research study design
and interpretation. We conclude by exploring opportunities in care, research, and
knowledge exchange, offering new approaches to improve the quality of life of those
living with both dementia and hearing loss and those who care for them. Throughout
this chapter, we provide the perspectives of individuals who have personally dealt
with these conditions, as well as the viewpoints of their caregivers. This helps us con-
nect concepts and evidence with real-life experiences.

Keywords: dementia, hearing loss, multimorbidity, audiology, interprofessional care

1. Introduction
1.1 Overview of dementia

Dementia is a clinical syndrome caused by a range of diseases of the brain. It is
characterised by cognitive impairments, most typically affecting memory, and func-

tional limitations, such that a person starts to have difficulty managing their everyday
life. The most common cause of dementia is Alzheimer’s disease, which accounts for
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60-70% of cases; other important causes are vascular dementia, dementia with Lewy
bodies and frontotemporal dementia. Dementia may also be associated with a variety
of neurological disorders (e.g., Parkinson’s disease) [1, 2].

Dementia is strongly associated with increasing age, and the prevalence rate
of dementia rises exponentially from mid-life to above the age of 80. Nonetheless,
dementia is not caused by ageing per se, as it requires some form of brain pathology
before it occurs. As a result of the growing ageing global population, numbers of
people with dementia are increasing and will continue to do so, especially in low- and
middle-income countries. For example, the current estimated number of people with
dementia in the United Kingdom (UK) is over 900,000, increasing to 1.6 million by
2050 [3], whereas globally these figures will rise from 50 million to 150 million in the
same period [4].

Dementia most typically presents with memory problems, noticed either by the
person themselves or by those around them, but other early symptoms may include
word-finding difficulties or problems with day-to-day functioning (e.g., getting lost,
inability to maintain activities, such as hobbies or attending to email). A person may
become socially withdrawn or may experience changes in their mood (e.g., anxiety
or depression). As dementia progresses, functional impairment may become more
severe, so that help is required with personal care tasks. There may also be changes
in perception and behaviour, such as hallucinations, agitation, aggression, or apathy
[5]. Eventually, dementia may lead to death, often through pneumonia if the person’s
swallowing reflex is impaired. In the UK, most people with dementia continue to live
at home, however some individuals who require additional support may transition
into residential or nursing home care.

Dementia is usually diagnosed in specialist memory clinics, with a combination of
clinical, cognitive, and radiological assessment (CT or MRI scans). More specialised
investigations may be undertaken, e.g., other scans or tests for Alzheimer’s biochemi-
cal markers in blood or cerebrospinal fluid. These are likely to become more widely
used in future. There are no curative treatments for disorders like Alzheimer’ disease,
though recently anti-amyloid monoclonal antibodies (aducanumab and lecanemab)
[6, 7] have been shown to be of some benefit. However, these treatments require hospi-
tal administration and intensive follow-up, so are unlikely to be in general use, without
massive increases in resources. Otherwise, treatment and care is supportive, including
cholinesterase inhibitors (e.g. donepezil), treatment of other symptoms like depres-
sion, and provision of supportive social care, including activities and carer support.

Where cognitive decline is present but not sufficient to impact everyday life,
this is referred to as ‘mild cognitive impairment (MCI)’, which can be a precursor to
dementia, but does not always lead to dementia. The focus of this chapter is dementia,
though some of the literature cited and recommendations provided may also apply to
MCIL.

1.2 Overview of hearing loss, cognitive impairment, and dementia

Hearing loss increases in both prevalence and severity with age. However, it is
not necessarily an inevitable accompaniment of ageing, with many lifestyle fac-
tors contributing to its’ development [8]. There is a greater prevalence of cognitive
impairment, such as dementia and cognitive decline, in people with hearing loss,
compared to those without hearing loss [9, 10], with one study finding the majority of
people attending a memory clinic for concerns related to dementia were experiencing
hearing loss [11].
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Figure 1.
Social interaction difficulties common to heaving loss and dementia.

Although a key symptom, and perhaps the most recognisable one of dementia,
is memory loss, some symptoms of dementia may also be indicative of hearing loss.
For example, in dementia, difficulty following conversations and needing others
to repeat information is common; understanding speech may be impaired over and
above any difficulties in understanding written words [12]. Similarly, key features of
gradual hearing loss include difficulty following conversation in noisy environments
and asking people to repeat what they said [13]. Difficulties with social interaction are
common across both dementia and hearing loss (See Figure 1) [14-16]. In people with
dementia, family members and carers may misinterpret these difficulties, attributing
them solely to dementia rather than a potentially correctable hearing problem [17, 18].
Therefore, people living with hearing loss and people living with dementia may
experience similar challenges, making it difficult to tell which is the cause, especially
in those who live with both conditions.

Both hearing loss and dementia are associated with increased risks of the same
negative outcomes or symptoms and have shared risk factors [16]. For example, they
are both associated with increased frailty [19, 20]; falls [21, 22]; depression [23, 24];
social withdrawal [25, 26]; and a reduction in quality of life [27, 28]. Dementia and
hearing loss can both lead to third party disability, in which the individuals’ relatives
or carers are also negatively affected, for example, through having to take time to
support the individual, repeat things, and experience difficulties dealing with their
loved ones’ denial, resulting in greater burden, and reduced socialising and quality
of life [29, 30]. Hearing loss may also exacerbate the behavioural and psychological
symptoms associated with dementia [12], such as depression, agitation, confusion,
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and withdrawal. There is a risk of missing the impact of hearing loss on these factors,
which may be erroneously attributed entirely to cognitive impairment [31, 32].

1.3 What mechanisms link hearing loss and dementia?

It is important to ask zow hearing conditions contribute to cognitive impairment
and dementia, not only to allow better understanding of the mechanisms at work but
also to consider what therapeutic means may be useful. It is also important to con-
sider the intimate linkage between the ear at the periphery and the central auditory
processing activities of the brain. As ear and brain are linked by complex auditory
pathways, they should be regarded as a whole system and not as separate entities [33].
It is noteworthy that the medial temporal lobe is a crucial meeting place for central
auditory processes but also an area of the brain vulnerable to neurodegenerative
processes such as Alzheimer’s disease [34].

There are several hypotheses linking hearing and cognitive impairment. The first
of these is that impaired hearing leads to increased cognitive demand, which is the
degree of brain activity required to process cognitive tasks, such as following other
people’s voices [35]. In short, if you cannot hear, your brain has to work harder all the
time. The effort to hear diverts processing power from other areas of activity, such as
memory [36]. Eventually, this leads to a permanent depletion of cognitive reserves,
though the hypothesis is perhaps vague on what the brain mechanisms underlying
this may be.

The second hypothesis is that cognitive impairment results from sensory depriva-
tion. A person with hearing loss may fail to detect auditory stimuli or else receive
them in degraded form (if you cannot hear, you miss much information in your
environment). This idea emphasises the impoverished auditory input rather than
the increased auditory effort in the first hypothesis. It is suggested that this leads to
permanent changes in brain structure and function in the auditory cortex and related
brain areas, such as the hippocampus [34].

The third hypothesis suggests that there may be common cause of neurodegenera-
tion in brain and auditory pathways. This may be the result of an underlying patho-
logical process, for example vascular or Alzheimer’s disease [37], that can affect brain
areas involved in cognition and auditory processing as well as peripheral structures
such as the cochlea.

The fourth hypothesis emphasises the importance of central auditory function.
Central auditory dysfunction, or central auditory processing disorder, is the result of
changes in the auditory processing network, which in turn lead to impaired audi-
tory perception and speech communication [38]. It may affect around 15% of older
people with acquitted hearing loss [39] and affected individuals show markedly poor
perception of speech-in-noise relative to their performance on pure tone audiometry.
Central auditory dysfunction may result from brain pathology, such as amyloid and
tau, typical of Alzheimer’ disease. People with Alzheimer’s disease show evidence
of central auditory dysfunction, and this may be present for several years before
diagnosis [40].

The fifth hypothesis relates to social isolation and withdrawal (which can result
from either hearing loss or cognitive changes but is exacerbated by the two occurring
together). Social isolation is in itself a risk factor for dementia [4], which may result
from the effects of decreased cognition activity and/or the effects of physical prob-
lems associated with isolation, such as heart disease and depression.
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Pr%posed framework: How hearing loss velates to dementia and cognitive decline. Adapted from [41]. This
diagram offers a potential framework for understanding the connections between peripheral hearing loss and
dementia/cognitive decline. The central box shows hypothesised causal pathways. A common cause (e.g., systemic
vascular disease or genetic factors) may also lead to both peripheral hearing loss and dementia/cognitive decline.
In addition, central auditory function may feature as a vesult of direct and indirect effects from the causal
pathways and could serve as a marker of dementia/cognitive decline. One or more of the pathways shown may
explain the association between peripheral hearing loss and dementia/cognitive decline.

It is of course conceivable that more than one mechanism may operate, or differ-
ent individuals will be affected in diverse ways. These hypotheses are relevant to how
hearing interventions might work. For example, it might be expected that hearing loss
intervention (hearing aids or cochlear implants) would be effective against cognitive
load or social withdrawal, but not against central auditory dysfunction (Figure 2).

2. Diagnosis
2.11dentification of dementia and hearing loss
2.1.1 Timely diagnosis of dementia and hearing loss

Timely diagnosis of dementia and of hearing loss is important, as this enables
access to information and support at the right time so that the affected individual can
access suitable treatments as early as possible [42, 43]. This is particularly important
as some treatments may be more effective at earlier stages, for example, non-
pharmacological therapies such as cognitive stimulation therapy for dementia [44].
Hearing loss in mid-life is associated with increased risk of dementia, accounting
for ~8% of all cases [4]. Whilst people with unaddressed hearing loss are at greater
risk of dementia (estimated at 2x, 3x and 5x the risk for those with untreated mild,
moderate, and severe hearing loss respectively) [45], those who use hearing devices
may not be. Providing hearing aids or cochlear implants as early as possible could
potentially help delay or reduce dementia risk [46] and might even lead to improved
cognitive performance in the short-term [47]. Additionally, diagnosis enables both
the individual and their family and friends to gain an explanation and understanding
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of what is happening, resulting in emotional and social benefits, which could result in
cost savings for individuals and governments [48, 49].

Without routine screening for dementia and hearing loss in the populations at
risk, timely diagnosis relies on individuals identifying symptoms and then access-
ing healthcare services for support. However, evidence shows that people delay
seeking diagnosis or support for both dementia and hearing loss. One longitudinal
study found that there was an average delay of almost nine years between an indi-
vidual becoming eligible for a hearing aid (as confirmed via audiometric testing)
and adopting hearing aids [50]. Delays in help-seeking are also present in people
with dementia, with one in four people in the UK waiting over two years since
symptoms were first experienced to seek a diagnosis from a healthcare profes-
sional [51]. This finding is consistent across Europe, where there is, on average,

a gap of over a two-years between symptoms first being noticed and receiving a
formal diagnosis, with almost half of carers wishing this diagnosis had been made
sooner [52]. Help-seeking inequalities exist across people with dementia and
hearing loss. For example, people from minority ethnic backgrounds are at greater
risk of delay in seeking diagnosis for cognitive impairment [53] and treatment for
hearing loss [50].

2.1.2 Seeking diagnosis

Potential reasons why individuals delay seeking a diagnosis of hearing loss and
dementia are multifaceted. As age-related hearing loss occurs gradually, individu-
als may not initially realise that it is affecting them. People with dementia may lack
insight into their own cognitive difficulties. In both cases, diagnosis may rely others to
point out the problem, and require the individual to have the willingness and ability
to respond to this concern [54, 55]. Furthermore, both hearing loss and dementia
continue to carry stigma, which may affect help-seeking [49, 56]. For people seek-
ing help for memory problems, there may be concerns about how a diagnosis might
change their relationships and cause others to worry or treat them differently [56].
Perceptions about inaccessibility or unaffordability of services (particularly in
countries without free healthcare) can significantly contribute to delayed help-
seeking [57]. Having a rarer type of dementia is associated with an increased delay in
help-seeking. A lack of awareness and misconceptions, such as a belief that symptoms
are a normal part of ageing and that there is nothing to be done, are commonly cited
reasons for not seeking help sooner [51, 52, 57]. Reasons for delayed help-seeking for
hearing loss may overlap with that for dementia, such as beliefs around the limited
benefits of intervention, though evidence is conflicting and sparse, with less research
investigating reasons for delaying help-seeking itself, as the majority of studies focus
on the uptake of hearing aids [58].

“What yow've got heve really is a... double whammy in that there’s so much negativity
around... hearing loss in general that it5... seen still as a kind of a weakness. People
don’t think twice about wearing glasses now, but they would think twice about wear-
ing hearing aids... You almost [need to get] over that... negativity about hearing loss
before you can even deal with... the cognitive... loss as well, so I can see why people
will just kind of run away screaming from... the idea of either of them.”

59-year-old woman with hearing loss and tinnitus
(Broome et al., [59], page 8)
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Fear of stigma, alternative beliefs about aetiology, lack of trust in health care
systems due to discrimination and injustices, and lack of culturally appropriate care
may also contribute to disproportionate reluctance to seek help in people from minor-
ity ethnic backgrounds [60, 61]. Similarly, previous research has shown that LGBTQ+
carers may avoid seeking help due to concerns about discrimination [62]. Less is
known about reasons for delayed help-seeking for hearing loss in underserved groups,
though one study of paediatric services similarly identified stigma and additionally
identified a disparity in expectations of treatment based on experiences from their
home country as barriers to help-seeking [63].

2.1.3 Public awavreness of dementia and hearing loss

Both dementia and hearing loss can be ‘hidden’ conditions, meaning that they are
not always recognised, understood, or accommodated for by communities and groups
that are unaware of their presence. Given the reliance on individuals seeking help for
symptoms of dementia and hearing loss, it is important to educate and raise awareness of
these conditions and educate members of the public so that they are empowered to seek
help [49]. For example, dispelling myths about dementia may include education around
memory loss not being the only symptom, and both symptoms of dementia and hearing
loss not being a normal part of ageing, but something that people can and should seek
support for. Education about dementia and hearing loss should also include information
about where to seek help, ensuring the recommended services are accessible. However, it
may be important to additionally educate members of the public and clinicians about the
link between dementia and hearing loss, how the two may mask one another, and how
preventing or managing hearing loss may help reduce dementia.

“I never, ever... thought that hearing loss would be associated with a cognitive impair-
ment... People should be made more aware of that vather than wait until it too late
and by the time you actually get a.. . diagnosis, you may well be in the stages where
you're not aware enough to actually do anything about it.”

72-year-old man with tinnitus
(Broome et al., [59], page 6)

2.1.4 Challenges in diagnosis

In addition to being a barrier for the identification of dementia and/or hearing
loss by individuals or their carers, common or overlapping symptoms can also impede
the help-seeking process. For example, when individuals do decide to seek help for
their symptoms, receiving a diagnosis for hearing loss and/or dementia may be more
difficult when the two conditions co-occur.

Most primary care providers (such as family doctors) assess patients for cog-
nitive impairment if the patient or family report symptoms. If the assessment
indicates a problem, they will refer the patient to see a specialist. However, some-
times family doctors report choosing not to assess patients for cognitive problems
due to concerns about the impact of a diagnosis on the patient, or concerns about
limited treatment options [48]. Furthermore, as many as one in five people who
express concerns about hearing loss to their primary care provider do not receive a
referral for further assessment [64]. Sometimes, providers might have insufficient
knowledge about hearing loss, which can lead to them to normalise or minimise its
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importance and impact, particularly when hearing loss is ‘mild,’ or to assume that
it cannot be effectively treated [54, 64].

“My hearing [loss] vesults in a lot of information in conversations being incomplete
and or inaccurate as I vebuild and guess at missing words. So poor memory can be
seen as the issue where my memory is ok but the original information, I heard is
inaccurate. Someone not recognizing this could make incorvect assumptions resulting
in a poor and misleading diagnosis.”

67-year-old man with hearing loss
(Broome et al., [59], page 8.)

Even when referral to secondary care for further assessment is achieved, making a
diagnosis of both hearing loss and dementia is further complicated by the overlap in
symptoms. Hearing loss may be misdiagnosed as cognitive impairment or dementia
[16, 31], and conversely cognitive impairment may first be diagnosed or dismissed as
hearing loss.

Cognitive testing (both simple screening tests and more comprehensive cognitive
assessments) for dementia typically relies on normal hearing, using verbal instruc-
tions and tasks. There is a growing body of literature that highlights how cognition
may be underestimated if sensory impairments are not considered [65, 66]. Evidence
suggests that people with hearing loss tend to perform worse than individuals with
normal hearing on cognitive tests which are verbally administered [67]. Individuals
with unidentified hearing loss (and even those with known hearing loss where adjust-
ments are not made) may mis-hear key information and must work cognitively harder
to understand what is required, leading to them scoring worse on cognitive assess-
ments, and possibly being mis-diagnosed with cognitive impairment [16, 36].

Attempts have been made to adapt cognitive tests to account for sensory impair-
ment. For example, adaptions to the Mini Mental State Examination (MMSE, a
popular screening tool for cognitive impairment) include administering screening
questions on written flashcards [68] or excluding three verbally administered items
[69]. Data from studies evaluating these adaptations suggest that they may be accept-
able for people with hearing loss, though no improvement in performance occurred.
Research has also been conducted to evaluate modifications to another popular
screening tool, the Montreal Cognitive Assessment (MoCA). A visual version of the
MoCA, developed by Dupuis et al., [65] which removed auditory items from the stan-
dard MOCA, demonstrated a higher pass rate in comparison to the standard MoCA.
Finally, Dawes et al., [70] developed a validated, sensitive, and reliable version of the
MoCA-H to identify dementia in adults with hearing loss. However, whilst scoring
adjustments are advised for those with lower education (12 years or less), it is not
clear how it performs in those with poor literacy or dyslexia, and it is not suitable for
those with dual sensory loss [70]. There remains a need for standardised diagnostic
tests which are reliable and valid in these populations to detect and monitor cognitive
function.

The diagnosis of hearing loss in adults with MCI/dementia can represent a sig-
nificant challenge for audiology services, though some recommendations have been
developed (see Box 1). First, audiologists are advised to consider that patients may
have dementia even if it is not mentioned in their referral letter, particularly because
many do not receive an ‘official’ diagnosis of dementia [71]. People living with demen-
tia have varied needs, and an individualised approach to audiological assessment is
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recommended [71, 72]. This could entail testing in a familiar environment, such as
the patient’s residence, and involving carers/family in the assessment [71-73]. Whilst
some people living with dementia can complete standard behavioural assessments
(e.g., pure-tone audiometry, speech audiometry), others will require adaptations,
such as reducing or increasing test duration, providing breaks, accepting responses
other than button presses (e.g., verbal responses), and repeating the instructions
throughout [71, 73]. The use of objective tests, including otoacoustic emissions or
auditory evoked potentials (AEPs), is recommended in cases where behavioural tests
are not possible [71]. The use of objective assessments is not without challenges;
capacity to consent may be difficult to establish and the accuracy of cortical evoked
potentials can be affected by level of alertness requiring observation by someone
who knows the patient well and electrophysiological tests must be considered within
the context of information from the patient and any other available test data [74]. If
behavioural and objective testing are not possible, audiologists could review previous
audiometric results, where available, and carry out a functional assessment with the
patient and/or their relative carer to determine their communication abilities and
needs and their potential to benefit from an audiological intervention [71].

2.2 A role for audiologists in screening cognition?

Understanding the extent of both hearing and cognitive factors is essential in
developing an appropriate treatment plan [75]. Cognitive screening, through formal
testing and hearing professionals asking relevant questions around cognitive status
has been recommended as a useful tool in adult audiology clinics to aid in the detec-
tion of cognitive impairment, longer-term care planning and the programming of
hearing aid devices [73]. This could help ensure more timely diagnosis of dementia,
and also help highlight and reduce any issues with undetected cognitive impairment
interfering with hearing assessment and treatment. However, consideration should
also be given to the practical implementation of cognitive screening, including
whether this would be acceptable to and feasible for both patients and audiologists.
The need for training and appropriate questioning or use of screening tools is particu-
larly important in this context as the provision of cognitive assessment (including his-
tory taking) currently sits outside of the scope of practice for audiology professionals.

“Since I was carer for my mother who had Algheimer’, I would be only too pleased to
be assessed because the earlier the treatment the better if any is needed.”

72-year-old woman with hearing loss

(Broome et al., [59], page 6.)

“Only if the audiologist had been suitably trained in dealing with a very sensitive
topic.”

75-year-old woman with hearing loss
(Broome et al., [59], page 8.)

Recent qualitative research has suggested that patients perceive cognitive screen-
ing to be acceptable within adult audiology services [59]. However, the successful
delivery of cognitive screening in adult audiology services relies upon audiologists
being sufficiently trained and feeling comfortable enough to deliver and discuss such
tests with a patient. Yet, a survey of hearing professionals in the United Kingdom
on managing sensory and cognitive impairment in older adults highlighted limited
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awareness of cognitive screening tests and a lack of adequate training [76]. This
clearly impacts practice as, in another UK survey, although 90% of audiologists
reported a willingness to conduct cognitive assessments only 4% did so, due to lack
of training, time and resources [77]. Furthermore, as discussed previously, despite
attempts to make screening tools suitable for people with hearing loss, there is still a
lack of valid and reliable tests that can reduce the impact of hearing loss on cognitive
screening which can be implemented in hearing clinics [78]. Ultimately, cognitive
screening tests only demonstrate a snapshot view into an individual’s cognitive ability
at the time of administration. Thus, the results may be unreliable, particularly in
populations who live with sensory impairment. There are other attributes which
may impact testing scores such as level of education, age of patient and mood which
should be taken into account.

There remains a clear need for recommendations around direct referral pathways,
(mentioned briefly by Littlejohn et al., [73]), particularly criteria for onward referral
of patients from audiology to memory care services. Implementing cognitive screen-
ing within adult audiology services is one step towards addressing the challenge of an
ageing population living with comorbid disorders. However, this application requires
careful consideration into the management and training within clinical settings,
and may be better addressed through building links between audiology and memory
services. Guidance on facilitating early detection and access to memory services
is essential to support audiology professionals and patients with suspected MCI/
dementia.

2.3 A role for memory services in screening hearing?

Currently NICE [79] guidance recommends a referral to a memory clinic for
suspected dementia, after an investigation of reversible causes of cognitive decline,
including delirium, depression, and sensory impairment. It is unclear if hearing loss is
investigated in all referrals to memory clinics, and in view of the evidence that adults
with hearing loss often (i) do not acknowledge hearing loss and (ii) do not disclose
hearing difficulties to their primary care provider [64], it is highly likely that many
are not referred for audiological assessment. Once the patient is referred to a memory
clinic, it is unlikely that they will receive a hearing assessment, as evidenced in a
survey of professionals working in the UK National Health Service (NHS) memory
services, in which only 4% reported performing hearing assessments within the clinic
[77]. To address this gap, some NHS audiology services in England and Wales are
piloting hearing assessments as a part of the memory clinic pathway. Initial findings
indicate that service users who receive an audiological assessment as part of this
pathway consider it a valuable part of their cognitive assessment, but also suggest
that they may need additional information provision and follow-up appointments to
maximise uptake and use of hearing aids [80].

3. Management of hearing loss
3.1 Improving care for people living with co-existing dementia and hearing loss
There has been much recent attention on understanding the link between hearing

loss and dementia risk [4, 16]. A growing ageing population means that the preva-
lence of people living with chronic conditions is increasing, leading to an imbalance
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between conditions and care [81]. While prevention (or risk-reduction) efforts

are crucial, they alone are insufficient to address the pressing needs of individuals
currently living with co-existing dementia and hearing loss and who urgently require
appropriate and ongoing support. There is no standard system of care for people
living with these long-term co-occurring conditions, and the co-existence of these
conditions presents unique challenges in terms of management in health and social
care settings [16, 72, 82]. To enhance the care and support rendered to individuals
currently living with both dementia and hearing loss and their caregivers, as well as
those who will go on to live with these conditions in the future, it is imperative that
we draw from and build on existing research knowledge. This will enable us to better
understand the complex interplay between dementia and hearing loss, identify effec-
tive interventions, and develop and implement comprehensive care frameworks.

3.2 Health and care services for adults with hearing loss and dementia
3.2.1 Audiology services for adults with dementia

Despite an awareness of associations between dementia and hearing loss, and the
potential for hearing interventions to reduce the risk of dementia and improve out-
comes in patients living with both conditions, there is limited peer-reviewed evidence
around effective audiological practice for people living with, or at risk of, dementia.
Furthermore, although a range of interventions for people living with dementia
have been developed, many of them are auditory in nature and little is known about
their effectiveness specifically in people who also live with hearing loss, despite the
high prevalence of this co-morbidity. This is especially important to establish for the
numerous dementia interventions that rely on hearing, such as music therapy, dance
therapy, drama therapy/storytelling, reminiscence therapy, counselling, and peer
support groups [83].

Work has commenced on the development of practice recommendations and
models of care for co-existing dementia and hearing loss (See Box 1) [71-73].
Littlejohn and colleagues [73] developed International Practice Recommendations for
the Recognition and Management of Hearing and Vision Impairment in People with
Dementia using consensus methods with key stakeholders (including professionals
and lay experts). They outlined recommendations according to six domains: aware-
ness and knowledge, recognition and detection, evaluation, management, support,
and services and policies. Those recommendations specific to the management of
hearing loss in adults with MCI/dementia included advance provision of informa-
tion about the appointment, adjusting appointment lengths and allowing for breaks,
offering domiciliary appointments where appropriate, and including caregivers/fam-
ily members in the appointment, such as by providing them with written instructions
on hearing aid care and troubleshooting [73].

Dawes and colleagues [70] applied [70] Brooker and Latham’s VIPS model of
person-centered dementia care to hearing healthcare for people living with co-
existing dementia and hearing loss. The key components of the VIPS model are (i)
valuing people with dementia and those who care for them (e.g., ensuring audiol-
ogy services are accessible to all, provide dementia training to staff) (ii) seeing the
individuality of people living with dementia (e.g., develop an understanding of the
individual to build trust and rapport, use preferred communication methods,),
(iii) viewing the world from the perspective of the person (e.g., understand they
may find hearing assessments intimidating or confusing, observe their non-verbal
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Prior to appointments

Ensure the individual can be seen by an appropriately trained clinician.

Consider appointments early in the day.

Make contact after referral and ask about needs (communication/informational needs/format
of information/accessibility/environment).

Provide details about when and where the appointment will take place.

Provide details about who the appointment will be with and what will happen.

A recommendation that the individual is accompanied by a partner/spouse, family member or
friend can be useful for both the individual and the clinician.

Consider if there are any outcomes you can send in advance of the appointment for extended
consideration (e.g., history taking).

During appointments

Address the patient directly and assume capacity to consent, unless it has been confirmed
otherwise.

Consider whether a home visit is preferable and feasible.

Keep the partner/spouse, family/friend visible.

Keep instructions short and clear, check for understanding.

Be prepared to vary the length of the appointment as necessary. Allow for breaks.

 Adapt testing — response modes — and hearing aid fitting. This may be easier with two clinicians
present to support with the detection of response.

Gather most important information first.

Consider slowing the pace of stimuli presentation, collecting fewer thresholds and/or auto-
mated tests of hearing thresholds.

Consider using pulsed tones rather than pure tones to assist with alertness and orientation.

Where standard behavioural hearing assessment is unsuccessful, consider functional or objec-
tive tests.

Involve the partner/spouse, family/friend where necessary to support effective hearing
diagnosis and treatment options.

Do not rule out hearing aid technology or features for people with dementia — Consider on an
individual basis. However, hearing aids might not be suitable for all.

Provide written instructions on hearing aid care and troubleshooting that can be shared with
others.

Aftercare

Consider whether a home visit is preferable and feasible.

Offer regular follow-up hearing assessments as part of a long-term care plan.

Provide scheduled rather than opt-in follow-ups, with service/maintenance of any hearing
devices where possible.

Be flexible in approach and care over time to deal with any changes in cognitive and hearing
status.

Provide flexibility in how you deal with e.g., missed appointments and lost hearing devices.

For detailed person-centered recommendations for providing hearing healthcare to people with
dementia, please see Dawes et al., [71] and Littlejohn et al., [73].

Box 1.
Suggested adjustments to audiology and hearing services to benefit people with cognitive decline and dementia.
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cues), and (iv) ensuring the person’s social environment supports relationships and
interactions that promote well-being (e.g., ensure they can invite a relative/carer to
attend appointments, involve them in conversations even when communication is
difficult) [71, 84].

The discussion of hearing services has largely been limited to evidence from
high-income countries, particularly the USA and European nations, but dementia
remains under-recognised, under-disclosed and undertreated in low- and middle-
income countries [85], who also bear over 51% of the estimated $981 billion costs of
hearing loss [86]. Addressing dementia and hearing loss jointly may require differ-
ent approaches to those adopted in high income countries, and research is urgently
needed to identify tailored solutions in low- and middle-income contexts.

3.2.2 Residential care for adults with hearing loss and dementia

The majority of residents in long-term care homes (LTCHs) live with hearing loss
[87]. Many of these residents experience communication breakdowns with staff and
fellow residents, often stemming from environmental issues (e.g., background noise,
poor lighting), over which residents may have little control [88, 89]. Consequently,
residents with hearing loss frequently struggle to participate in social activities and
group conversations, which can lead them to become isolated through exclusion or
withdrawal. These difficulties are exacerbated in residents with co-existing hearing
loss and dementia [88, 90]. This is a critical concern given that most LTCH residents
who live with dementia likely also live with hearing loss, particularly hearing loss that
is undetected, untreated, or under-treated [91-93]. Of those who do own hearing
aids, usage is often low, and the devices commonly become broken or lost [94, 95].
The impacts of hearing loss on residents living with dementia can include increased
agitation and behavioural disturbances, accelerated cognitive decline, depression,
greater carer burden, and reduced quality of life [16, 95, 96].

Numerous barriers impede the provision of hearing healthcare to residents in
LTCHs, especially those living with dementia [88, 89]. First, residents and staff may
consider hearing loss to be a normal aspect of ageing and thus do not seek to address
it [89]. Staff may also mistake hearing difficulties for cognitive difficulties [17, 97].
Furthermore, hearing loss is not prioritised in many LTCHs, and its prevalence is
under-estimated [89, 98]. Additionally, LTCHs tend to have poor links with audiol-
ogy services and to have few on-site hearing healthcare facilities or resources (e.g.,
assistive listening devices, hearing-friendly rooms) [76, 88, 89]. Moreover, LTCHs
rarely undertake routine hearing checks or appoint hearing healthcare champions
[96, 99]. Several studies highlighted the lack of LTCH staff training in hearing device
management, communication tactics, and hearing loss awareness, identification, and
assessment [89, 96, 97, 99]. Finally, the provision of hearing healthcare to residents
living with dementia is especially challenging and time consuming. For instance, they
may not tolerate hearing aids, forget to wear them, struggle to use them, or may not
understand why they should wear them [89, 96, 99].

A range of strategies for improving hearing healthcare in LTCH residents with
dementia have been proposed. Staff training and behaviour change is recommended
so that they can recognise hearing loss and understand its consequences, adopt tactics
to enhance communication, and support the use and maintenance of hearing devices
[76, 93, 97]. Environmental modification is also recommended, such as by reducing back-
ground noise, implementing quiet hours or quiet activities, and using sound-absorbing
materials [88, 89, 93, 97]. In addition, shifting from task-focused to person-centred care,
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(e.g., personalised communication plans), and involving family members in hearing
healthcare (e.g., changing hearing aid batteries, history taking, shared decisions) are
advised [89, 93, 94]. Furthermore, practice guidelines for managing hearing loss in
residents with dementia should be developed and implemented [76, 89]. Finally, strong
leadership and institutional support are vital to improving hearing healthcare, particu-
larly building relationships with audiology services and family physicians, implementing
policy change, providing sufficient resources, and ensuring staff have the autonomy and
training needed to provide empathetic, person-centred care [76, 89, 93, 97].

4. Opportunities for diagnosis and management

Delivering care to people living with dementia and hearing loss is complex. A
comprehensive approach to care should therefore be adopted, encompassing timely
diagnosis, appropriate treatment, and ongoing support [71, 82]. Many opportuni-
ties exist to improve the evidence-based care of those living with both dementia and
hearing loss, spanning clinical practice, research, the health and care workforce, and
effective sharing of knowledge.

4.1 Opportunities for health care services

Due to the high co-occurrence of hearing loss and dementia, both conditions
cannot be diagnosed and managed effectively without acknowledging the potential
for comorbidity [100]. Yet, clear and appropriate referral pathways between memory
and audiology services are not often in place, and no standard best practice guidelines
across services exist to ensure consistent care [77, 101]. Finally, clinicians often feel they
do not have the right skills and knowledge to provide appropriate provision [102, 103].
Recently developed guidance supports the identification and management of hearing
difficulties in people living with dementia [71, 73, 104]. However, there remain many
unanswered questions about the best way to provide diagnoses and care to people
living with dementia and hearing loss, both within and outside of hearing services.
Additional evidence is required to inform best practice, whilst considering how
interprofessional support can be adopted and streamlined to ease the burden on health
and care services [103].

Because of the progressive nature of both conditions, guidelines for the manage-
ment of hearing loss health and social care settings should include tailored training,
flexibility to deal with the changing needs of the population over time, clear pathways
for onward referral where necessary, and practical guidance for the joining-up of
general, audiological, memory and geriatric services, as appropriate [37, 71, 94, 99].
In addition, it is imperative that consideration is given to the inclusion of individuals
and communities typically underserved within healthcare. These can be defined as
groups of individuals with lower inclusion than would be expected from population
estimates, those with high healthcare burden that is not matched by the volume of
healthcare resource designed for the group, and/or groups with important differences
in how they respond to or engage with healthcare interventions, compared with other
groups [105]. For example, the British Deaf Association (Scotland) produced a toolkit
for people who use British Sign Language (BSL) and who are living with dementia,
their families, and professionals who are supporting them. The primary aim of the
toolkit is to help ensure that BSL users and their families have equal access to informa-
tion and services for dementia and experience fair treatment [106].

98



When Hearing Loss Co-Occurs with Dementia: Challenges and Opportunities in Diagnosis...
DOI: http://dx.doi.org/10.5772/intechopen.1003179

4.2 Opportunities for research

Given the suggested beneficial role for hearing devices in the reduction of risk for
cognitive decline and dementia in adults with hearing loss via the UK Biobank cohort
[45] and meta-analysis of published studies [47], further high-quality randomised
controlled trials that seek to answer the question of whether hearing loss intervention
can delay, reduce, or prevent cognitive decline or dementia are of paramount impor-
tance for researchers and clinicians. In the United States, the Ageing and Cognitive
Health Evaluation in Elders (ACHIEVE) study was a randomised controlled trial
designed to determine whether treating hearing loss in older adults could reduce cog-
nitive decline that can precede dementia, compared with a health education control.
Initial results showed that the hearing intervention did not reduce 3-year cognitive
decline in the primary analysis of the total cohort. However, a prespecified sensitivity
analysis showed that the effect differed between two different study populations that
comprised the cohort, and that hearing intervention might reduce cognitive change
over 3 years in populations of older adults at increased risk for cognitive decline [107].
The study was extended to examine longer-term outcomes.

However, trials of this nature present a number of challenges for the research com-
munity. First, withholding any hearing loss intervention from individuals identified as
eligible and likely to benefit from them (e.g., to create a clinical trial control group) can
be unethical if not appropriately managed and addressed. Linked to this, those in the
control group who decide to obtain hearing intervention during the study period may
need to leave the study [107]. Third, individuals who may benefit most from the inter-
vention (i.e., for ACHIEVE, those at greater risk of cognitive decline and dementia)
may not be the same individuals who volunteer take part in health research through
standard recruitment routes. Finally, although a key goal for research in the field is to
understand how hearing loss relates to dementia risk and to find treatments to reduce
that risk, there is a current pressing need for research that addresses the challenges
faced by the vast number of people who already live with both long-term conditions.

Incorporating the perspectives of people living with hearing loss and dementia,
their caregivers, and healthcare professionals, across the entire research process,
from design and conduct to dissemination, is crucial to fostering comprehensive and
impactful outcomes in the realm of hearing loss and dementia. These stakeholders
bring invaluable insights based on real-world experiences, which can greatly enrich
the relevance and applicability of research findings [108]. Research priority setting
exercises involving key stakeholders are important for identifying where research
would make the most difference [109]. By involving patients and their caregivers,
researchers can ensure that the research questions and methodologies resonate with
the challenges they face on a daily basis [110], reducing waste in research, and ulti-
mately yielding interventions that are more practical and effective. Involving health-
care professionals provides unique clinical perspective that aid in the translation of
findings into actionable recommendations, bridging the gap between research and
practice, and ensuring that the outcomes are not only scientifically rigorous but also
relevant to the needs of the individuals receiving care. Collaboration among research-
ers, patients, caregivers, and healthcare professionals enhances the credibility and
validity of research outcomes whilst facilitating ownership and shared responsibility
in addressing the complex interplay between hearing loss and dementia. Yet the focus
of research needs to be widened from single disease models to the complex challenges
associated with managing and treating individuals with multiple long-term health
conditions [100].
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Priority setting exercises have previously been completed for both hearing (mild-
moderate hearing loss in adults) [111], and dementia [112, 113] as individual condi-
tions, but until recently, these have not been considered in combination. In 2023, a
James Lind Alliance Priority Setting Partnership in co-existing dementia and hearing
conditions was launched in collaboration with key charities: RNID and Alzheimer’s
Research UK [114] It is the first such partnership to bring together two specific disease
areas. It involves identifying and prioritising research questions about the preven-
tion, diagnosis, and management of these co-existing conditions. The partnership
emphasises the need to consider hearing conditions other than hearing loss that are
potentially important for people with dementia (such as tinnitus and hyperacusis).

It also promotes the representation of individuals and groups who may be typically
underserved in research (e.g., LGBTQ+ communities, unpaid carers, individuals from
ethnic minority groups, people with lived experience of hearing loss and dementia,
including those with early onset dementia and members of the Deaf community).
Emerging priority research questions can guide research funders and commissioners,
investigators, campaigners, and policymakers, to achieve tangible impact.

4.3 Opportunities for developing the health and care workforce

Taking a holistic, patient-centred care approach to the management of individual
living with multiple health conditions is a challenge not only for dementia and
hearing loss. For individuals experiencing a range of multiple long-term conditions,
evidence has shown that integrated approaches to healthcare are more effective than
services that address conditions on an individual basis [115-117]. Yet, hearing health-
care is still in its’ infancy when it comes to integration with other healthcare services,
largely due to organisational and financial constraints [115].

In the interim, important steps can be made to nurture holistic practices in hearing
care. For example, the incorporation of training into curriculums for primary care
providers (e.g., family doctors) on hearing loss in isolation and alongside cognitive
impairment and dementia would serve to increase detection and onward referral, to
support early diagnosis. A good example is provided by the Royal College of General
Practitioners via their Deafness and hearing loss toolkit [118]. Furthermore, greater
awareness and consideration of hearing loss by family doctors about the importance
and common comorbidities of hearing conditions can help ensure that treatment and
referrals are harmonised [100].

With an increasing number of people living with dementia and hearing conditions,
there is a need to consider how to build capacity and support the development of a
skilled clinical academic research workforce [119, 120]. There should also be an emphasis
on supporting the development and delivery of research within dementia and hearing
services to enable the growth of research activities for patient benefit. Identifying strate-
gies to support professionals in conducting and delivering research is crucial, enabling
them to contribute to advancing knowledge and improving clinical practices in these
domains. The challenge is with increasing caseloads due to an ageing population [121],
how can clinicians be supported to engage in both research and upskilling practices.

4.4 Opportunities for the sharing of knowledge

Efforts are urgently required to raise public awareness of dementia, of hearing
loss, and of the importance of addressing declines in hearing to promote overall
brain health [122]. Rather than focusing on dementia risk reduction, emphasising
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the positive aspects of preserving and enhancing hearing can motivate people to take
proactive measures, not only to safeguard against potential cognitive decline but to
embrace a fuller and more connected life experience. Just as physical exercise is cham-
pioned for its positive impact on overall health, nurturing auditory health through
hearing care can be highlighted as a strategy to support lifelong cognitive vitality.

In addition to public health endeavours, the sharing of research needs, efforts and
findings with patients and the public is paramount for bridging the gap between the
scientific community and society. When people have access to credible and evidence-
based information, they are more likely to trust medical recommendations and follow
best practices [123]. Enhanced public dissemination of research fosters transparency
and greater awareness of emerging health treatments, enabling individuals, and their
families to make informed decisions about their ongoing healthcare.

5. Conclusions

Within this chapter, we have explored the multifaceted challenges that exist in
discriminating between symptoms and complications of hearing and cognitive diffi-
culties and how these impact patient research and care. Insights from those with lived
experience of hearing loss and dementia and their carers offer important perspectives
on challenges faced, as well as what we might do to address them. A collaborative
approach integrating across healthcare specialties and expertise is likely to offer
significant advances for diagnoses and care.

We discuss the proposed mechanisms linking hearing loss and dementia and
review emerging research evidence about the role hearing rehabilitation might play
in reducing the risk and progression of cognitive decline and dementia. We also
highlight the many challenges associated with research addressing these issues and
take a forwards look to the evidence we can expect to see in years to come. Practical
suggestions, backed by health and care professionals, provide guidance for clinical
adaptations that can improve quality of life for patient and their experiences of care.

As we enter a new horizon in our understanding of comorbid conditions, this
chapter identifies opportunities to overcome challenges faced by clinicians and
researchers alike, to improve evidence-based care and support for people living with
dementia and hearing loss and the people who care for them.
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Chapter7

Effect of Cochlear Implantation
on Voice Quality in Patients with
Hearing Impairment

Karol Myszel and Piotr Henryk Skarzgyriski

Abstract

Hearing impairment is a cause of many problems suffered by a patient. Apart from
hearing problems also voice problems develop as a result. Already in deaf newborns,
clear signs of voice disturbances appear soon after birth. Development of voice is
delayed, babbling appears later and speech development depends on the time and
kind of medical intervention. The reason of voice abnormalities in hearing impaired
individuals is abnormal hearing control over voice production. Therefore, audio-
logical intervention enabling better control, is an important factor for hearing and
voice quality improvement. This chapter summarizes up-to-date knowledge on the
influence of hearing aids and cochlear implants on voice quality of hearing impaired
patients. Both literature studies and authors® own research show that the use of
cochlear implants is the most effective tool of improving hearing and voice of people
with hypoacusis. Cochlear implantation brings better results compared to hearing
aids and the time of implantation plays a key role.

Keywords: hearing impairment, voice quality, voice disorders, cochlear implant,
partial deafness, acoustic voice analysis

1. Introduction

In newborns, voice appears as a reflex immediately after birth. It continues to
develop during further stages of life and, together with the onset of speech, voice
becomes a useful tool for interpersonal communication. Numerous studies have dem-
onstrated how voice production is strictly controlled by both the central nervous system
and the auditory system. This means that a disorder in either of these control systems
can lead to abnormalities in voice quality and changes in its acoustic structure.

Individuals deprived of full hearing suffer many problems in their social, profes-
sional, and personal lives. Prolonged hearing deprivation, particularly in children,
results in problems such as loss of voice control, which is evident as dysphonia of
different degrees.

Compared to healthy children, hearing-impaired children are no different in terms
of their larynx. However, differences do become apparent in the first few years of
life, with the degree depending on various factors, such as type and depth of hearing

113 IntechOpen



Updates on Hearing Loss and Its Rehabilitation

impairment and the method and success of rehabilitation. The type of voice disorder
in poorly hearing or deaf children is usually classed as functional [1].

In infants with hearing impairment, changes can be seen in voice development
within a matter of months. The voice is typically higher pitched, shows greater
fluctuations in frequency, and is less constant in volume. In the first few months of
life, intrinsic motivation is the major stimulus for vocalization (i.e., no external sound
stimulus is needed), but later on there is a greater reliance on hearing [2, 3]. Analysis
of the vocalizations of hearing-impaired children only a few months old brings
out the differences compared to normally hearing children. In the first year of life,
hearing-impaired children show a delay in canonical babbling, usually of 4-6 months,
whereas children with normal hearing produce many more canonical syllables [4-6].
The delay depends on the severity of the hearing impairment [7, 8].

Apart from the quality of vocalization, hearing impairment can also affect the
number of vocalization episodes, with hearing impaired or deaf children producing
significantly less vocalizations than their healthy peers [9, 10]. The deleterious effect
of hearing impairment depends strongly on its severity. For deaf children, the number
of vocalizations is significantly less than in children with only partial hearing impair-
ment, and in both groups the number of vocalizations is substantially lower than in
normally hearing peers [11]. At later stages of development (i.e., 16-24 months), the
transition from babbling to words is also delayed among hearing-impaired children.
Later on, as speech develops, hearing-impaired children show delays or more limited
use of syllables containing consonants, incorrect vowel articulation, and a smaller
vocabulary [12].

Compared to normally hearing people, the voice of hearing-impaired individu-
alsis, in general, marked by an increase in average fundamental frequency (F0), an
increase in the variation of fundamental frequency (vFO0), an increase in the variation
of amplitude (vAm), and a decrease in phonation time [13-16]. These factors suggest
that the hearing impaired have difficulty in controlling long-term frequency and
amplitude during phonation. Perceptively, this difficulty manifests as vocal instabil-
ity that can take the form of tremor, poor modulation, and elevated pitch. Those
voice features fall into the category of ‘audiogenic dysphonia’ In addition, the speech
of hearing-impaired individuals is also marked by patterns of poor articulation, or
‘audiogenic dyslalia’ Taken together, voice quality depends on the effective function-
ing of the auditory organs and adequate performance of the respiratory tract. With a
functional level of hearing, it is possible to have correct voice range development, an
ability to modulate voice intensity, and achievement of normal acoustic voice param-
eters. In brief, appropriate hearing allows normal speech and prosody to develop.

Among hearing-impaired individuals, changes in the acoustic structure of voice
are seen at every developmental stage. The changes are primarily related to voice
frequency. In particular, deaf and partially deaf individuals use a narrower range of
frequencies in their voice and tend to have less control over pitch [17-21]. The voice
of a hearing-impaired child is frequently dull, fluctuating, and harsh, and is accom-
panied by high muscle tension; it is often breathy, toneless, weak, monotonous, and
devoid of melody. It appears that hearing impairments interfere with how the pitch,
volume, rhythm, and timbre of the voice is regulated [22-24].

Other studies have demonstrated that individuals with hearing disorders often
exhibit abnormalities of voice resonance — evident as nasalence [25-27] — so that
voice and speech becomes nasal, dull, and rather dark. Most researchers consider
that nasalence reflects inadequate central nervous system control of the velopharyn-
geal muscles due to a lack of auditory input [25, 28, 29]. Another potential factor in
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causing nasalence is a slower rate of speech [30-32]. Perceptive and acoustic examina-
tions reveal elevated nasal resonance, even when electromyography (EMG) of the
palatal muscles remains normal [33].

These studies suggest that a lack of auditory-derived control produces abnormal
voice characteristics, evident as changes in aerodynamic parameters. The changes
come about from poor coordination between the internal and external muscles of the
larynx, and are seen as abnormalities the way antagonistic muscles develop and release
tension. Comparisons of normal and hearing-impaired individuals have revealed
statistically significant differences in the vital capacity of the lungs (VC), maximum
sustained phonation time (MSPT), and fast adduction-abduction rate (FAAR). In par-
ticular, they show lower VC, shorter MSPT, and smaller FAAR compared to normally
hearing individuals. There is also a somewhat smaller peak expiratory flow (PEF),
although this difference does not reach statistical significance [34, 35].

Research on the mechanisms of respiration and chest mobility suggest that,
among deaf and poorly hearing individuals, there may be abnormalities in the
coordination of chest and abdominal movements. In particular, such people tend to
initiate phonation using an incorrect volume of air in the lungs (either too large or
too small). The mean volume of air (per syllable) is double that of normally hear-
ing subjects. Deaf or hearing impaired individuals therefore tend to speak fewer
syllables per breath, which leads to awkward breaks to breathe in at grammatically
inappropriate moments [36].

2. Cochlear implantation and voice quality

Early intervention, either with hearing aids or cochlear implantation, is crucial to
enable patients to receive appropriate hearing. Better auditory control of the voice will
help improve the patient’s voice quality. The option of whether to use a hearing aid or
a cochlear implant depends on the degree of hearing impairment. Regardless of the
choice, numerous studies have shown that the earlier the intervention is performed,
the better are the results in terms of hearing and voice improvement.

In this context, one relevant study was conducted in the Institute of Physiology
and Pathology of Hearing in Warsaw, Poland, on a group of 83 Polish school children
aged 7-12 years [37]. The aim of the study was to compare the quality of the voice
after using hearing aids or cochlear implants. Acoustic voice analysis was performed
for each individual, and the linguistic material was a prolonged [a] vowel. The
criterion for including a patient in the study was profound prelingual, sensorineural
hypoacusis. The study group was divided into four subgroups according to their
hearing and use of hearing devices: there were 20 children without any type of
hearing device (HL), 20 children who used hearing aids (HA), 20 children with
cochlear implants (CI), and 23 normal-hearing children, of the same age, who had no
voice disorders (control group, NH). The children who used hearing aids or cochlear
implants had undergone hearing rehabilitation 6 months previously.

After audiological intervention and rehabilitation, statistically important changes
were observed in several acoustic voice parameters. The group of hearing-impaired
children (HL) had the highest average fundamental frequency FO. In the hearing aid
group (HA), testing performed 6 months after a hearing aid was fitted showed there
was a slight decrease in the average FO value. However, in the CI group, there wasa
much greater decrease in FO. The study also showed a significant decrease in the num-
ber of fundamental frequency periods (pitch periods, PER) in the hearing-impaired
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children compared to the control group. In the HA group, some improvements in PER
were observed, but in the CI group the improvements occurred much faster. At the
same time, slight decreases in smoothed amplitude perturbation quotient (sAPQ)
were observed in the HL and HA groups, indicating that amplitude control stabilized
quite quickly. The highest average peak amplitude variation (vAm) was found in the
HL group, and the lowest in the control group (NH). Values of vAm in the HL group
reached values almost twice those of vAm in the control group. These significantly
lower vAm values after use of hearing aids and cochlear implants indicate that the
patients had better auditory control of the voice. Noise-to-harmonic ratio (NHR)
decreased in the HL and HA groups, whereas a significant increase was noted in

the CI group. The soft phonation index (SPI) was found to be lower in the HA and

CI groups, but higher in the CI group. FO tremor intensity index (FTRI) in the HL
group was almost twice that of the control group. In the HA and CI groups there was a
significant decrease in FTRI, but it was even greater in the CI group. This reflected an
observed decrease of voice tremor in the patients.

The conclusion of the study was that long-term hearing deprivation, whether
minor or substantial, affects the acoustic structure of children’s voices. Significant
changes were found in fundamental frequency (F0), highest fundamental fre-
quency (Fhi), variability of fundamental frequency (vF0), number of periods of
fundamental frequency (PER), amplitude perturbation quotient (sAPQ ), vari-
ability of amplitude (vAm), noise-to-harmonic ratio (NHR), soft phonation index
(SPI), and frequency tremor index (FTRI). The implication is that patients with a
profound level of hearing impairment develop long-term problems in the control
of voice frequency and amplitude. Acoustic analysis confirms that the use of
hearing rehabilitation devices significantly improves most acoustic voice param-
eters. The improvements reflect improved auditory control of voice frequency and
amplitude, and a decrease in noise components and voice tremor. In particular,
significantly better voice results have been seen in children who have received
cochlear implants [37].

Similiar results were obtained by Campisi et al. [17] who conducted acoustic
voice analysis of 21 children before and 6 months after cochlear implantation. Before
cochlear implantation elevated levels of FO, vF0, and vAm were observed. After
cochlear implantation, vFO tended towards normal and there was a marked decrease
in vAm, bringing more stability to voice.

In a study by Evans and Deliyski [14], patients before cochlear implantation
presented abnormalities in FO, jitter, shimmer, NHR, VTI, SPI, vAm, and vFO0. After
cochlear implantation they noted a decrease in FO for all subjects. After implantation
the voice was more stable, while jitter, shimmer, and VTT were markedly less. After
cochlear implantation all subjects had much lower nasality. Similar findings were
noted by Fletcher et al. [29].

In another study of 31 children aged 2-3 years with prelingual deafness who
received cochlear implants, Hocevar-Boltezar et al. [38] reported substantial
improvements in jitter and shimmer 6 months after implantation and after 24 months
there was a noticeable improvement in NHR. It was clear that cochlear implants
improved the patients’ ability to control the pitch and loudness of their voice. These
findings were confirmed by Holler et al. [15].

Kishon-Rabin et al. [39] described the effects of cochlear implantation on voice
in a group of post-lingually deaf patients. They noted a decrease of FO after 1, 6, and
24 months from implantation. They also found that voice quality improved more if
the intervention was undertaken earlier.
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Szkietkowska et al. [40] compared acoustic voice parameters before and after a
CI in two groups of 40 children aged 3-7 and 7-12 years. After implantation, both
groups received intensive rehabilitation and the voice parameters were then measured
6 months later. Most parameters improved and they correlated with better subjective
voice quality. MPT was longer and voice range was wider. The main improvement
of objective voice parameters were seen in Jitt, RAP, PPQ, SPPQ, VFo, ShdB, Shim,
APQ, SAPQ, vAm, DUV, NUYV, FTRI, and ATRI. In general, implantation followed by
intensive rehabilitation allowed better control of voice frequency and amplitude, less
tremor, and fewer voice breaks.

Kosztyta-Hojna et al. [41] examined voice and speech quality before and after
cochlear implantation in two groups of patients: one with prelingual deafness and the
other with post-lingual deafness. All patients had features of functional dysphonia,
with a slight prevalence of hyperfunction in the prelingually deaf patients and hypo-
function in the post-lingually deaf ones. After the CI, the quality of voice and speech
in both groups improved. Improvements were mainly seen in parameters describing
changes in amplitude and frequency.

Another study by Kosztyta-Hojna et al. [42] examined 21 adults with prelingual or
post-lingual deafness. Before receiving a CI, the subjects showed a disturbed motorial
function of the articulation organs and errors in articulation of vowels and conso-
nants. After the CI, there was a substantial improvement in articulation, the voice
became more stable, the scope of words was larger, and prosody improved [43].

3. Voice quality in partial deafness

Partial deafness (PD) is characterized by normal hearing thresholds at low fre-
quencies and much poorer hearing thresholds (almost deaf) at high frequencies. In an
audiogram this is seen as a hearing threshold curve that drops sharply at high frequen-
cies. It is mainly seen in elderly patients, but may also affect individuals exposed to
noise, take certain medications, or have a genetic predisposition. In contrast to other
types of hearing impairment, the use of amplifying hearing aids in PD is constrained
due to three physiological factors. The first factor is an abnormal loudness perception
(recruitment), which makes the patient hear sounds louder than they really are. The
second is poorer frequency resolution, which means that sound stimulation covers
a larger group of hearing cells (there is an overlap of stimulus frequencies), and this
leads to difficulty in the patient’s sound discrimination. The third phenomenon is
distortion caused by “dead areas” in the cochlea, where hearing cells are completely
destroyed. In these areas, sounds cannot be perceived at all and so sounds have to be
picked up by neighboring cells. Stimulation therefore covers broad areas and slightly
different tones are perceived by the patient as the same. Together, these three factors
mean that standard hearing aids giving unsatisfactory results for PD patients.

PD patients have therefore been left struggling to overcome their deficit. The use
of cochlear implants in PD treatment has for many years been circumscribed due to
the risk of damaging remaining hair cells, and hearing, while introducing an electrode
into the cochlea. An important landmark in PD treatment was a novel type of cochlear
implantation for this kind of dysfunction. This was done in an adult PD patient by
Skarzyniski and colleagues in 2002 [44], and 2 years later in a partially deaf child [45].
Success of the operation was possible thanks to the use of specially designed elec-
trodes and a novel round window approach to the cochlea. In this way, electrical and
acoustic stimulation were combined (so-called Electro-Acoustic-Stimulation, EAS),
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and offered a way for PD patients to receive improved hearing. Skarzynski’s achieve-
ment began a systematic Partial Deafness Treatment Program in Poland, the first such
program worldwide [44-49].

Like other hearing impairments, PD leads to voice abnormalities. However, the
literature on the voice of PD patients before and after a Cl is quite limited. The first
study was done in the Institute of Physiology and Pathology of Hearing in Warsaw,
Poland, by Myszel and Szkietkowska [50]. They recruited 147 individuals, one group
of 67 children aged 7-12 years and another of 80 adults. In one aspect, the voice of
school-aged children was analyzed: 44 had prelingual partial deafness and 23 had
normal hearing (a control group). As a second aspect, 80 adults were examined: 25
with bilateral post lingual partial deafness (13 females and 12 males) and 55 with
normal hearing (28 females and 27 males, a control group). The average age of the
partially deaf adults was 49.2 years and the average length of time they had had
PD was 19.1 years. Voice parameters of both PD children and PD adults were tested
9 months after cochlear implantation.

All subjects were selected so as to exclude pre-existing conditions (palatal,
alveolar, and lip clefts; inborn and acquired malformations of the larynx; paralytic
dysphonia; allergy; gastro- esophageal reflux; thyroid disease; asthma; chronic
obstructive pulmonary disease; mental or neurogenerative disorder; or delayed
psychomotor development). Objective acoustic analysis of the voice was done with
the Kay Elemetrics Multi Dimension Voice Program, and subjective analysis was done
on the Hirano GRBAS scale.

Individuals were patients of the World Hearing Center of the Institute of
Physiology and Pathology of Hearing in Kajetany, Warsaw, from 2014 to 2021. Every
individual underwent a detailed anamnesis, otolaryngological examination, and hear-
ing assessment. Hearing assessments included the use of pure tone audiometry, imped-
ance audiometry, otoacoustic emissions, and brainstem evoked response audiometry,
ensuring that patients fulfilled the PD criteria as described by Skarzynski [51].

Data analysis showed that, compared to normal hearing, PD in children leads to
abnormalities in acoustic structure of the voice. The abnormalities involved most of
the voice parameters, but the most important changes were in frequency, amplitude,
noise, and voice tremor (FO, vFO, vAm, sAPQ, NHR, SPI, FTRI). In all the examined
children, subjective assessment with GRBAS showed grade of hoarseness G1 or G2,
roughness R1 or R2, breathy voice Bl or B2, and strain S1 or S2.

For the adults, the most statistically important changes involved the parameters
describing frequency, amplitude, subharmonics, noise, voice breaks, and tremor
(VFO, Jita, Jitt, APQ, sAPQ, RAP, vAm, %Shim, PPQ, sPPQ, DSH, NSH, DUV,
NHR). However, no statistical changes were observed in FO, SPI, or VTI. Adults dis-
played grade of hoarseness G1 or G2, roughness R1 or R2, breathy voice B1, asthenic
Al or A2, and strain S1 or S2. The voice of all PD patients appeared to be slightly
harsh, rough, breathy, or asthenic.

Both children and adults were examined 9 months after cochlear implantation. In
children, the biggest improvement in voice parameters was observed in frequency,
amplitude, noise, and tremor. Normal values were seen in FO, vF0, vAm, sAPQ, NHR,
and FTRI. In adults, statistically significant improvements were observed in param-
eters describing frequency, amplitude, noise, voice irregularities, and subharmonics;
normal parameters were seen in vF0, vAm, sAPQ, Shim, NHR, DUV, DSH, and NSH.

In subjective assessment, the voice of PD patients also improved after receiv-
ing a CI, especially in grade, roughness, and breathiness. The improvements made
their voices less harsh, less breathy, and less asthenic. Apart from the perceptive
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improvement, strong correlations were observed between the voice quality assessed
subjectively and acoustic voice parameters: G (grade) correlated with vFO and Shim;
R (roughness) correlated with DSH and NSH; B (breathiness) correlated with NSH
and NHR; and A (asthenic) correlated with DUV. A weak correlation was observed
between S (strain) and both DUV and NHR.

It was concluded that PD leads to voice abnormalities both in children and
adults. In both groups statistically significant changes involved parameters describ-
ing frequency, amplitude, and presence of noise. The number of years of hearing
deprivation was an important factor in determining changes in the voice. In adult PD
patients, voice abnormalities affected a wider range of acoustic parameters.

In both children and adults, it is clear that there is a strong correlation between
acoustic voice parameters and subjective features. Importantly, cochlear implantation
in PD patients strongly improves the voice, normalizing its acoustic structure and
subjective character.

4. Summary

Hearing impairment leads to disruption of auditory control of the voice via the
central nervous system, creating voice disorders classified as dysphonia. The degree
of dysphonia depends on when the hearing loss began (prelingual or post-lingual), its
duration, and its severity.

Children born with hearing impairment do start to develop a voice, but its devel-
opment is delayed compared to healthy children and further development into good
speech requires audiological intervention.

Patients with hearing impairment develop voice disorders of a functional type,
and these are evident both in perceptual assessments as well as in objective exami-
nations (i.e. acoustic voice parameters). The changes are mostly seen in terms of
amplitude, frequency, tremor, and noise. The voice of hearing-impaired patients
is usually rough, breathy, asthenic, and strained. Some patients develop nasality.
Apart from a different voice characteristic in hearing-impaired patients, there are
also morphological changes of the larynx, articulatory organs, and changes in chest
biomechanics.

Numerous studies conducted worldwide have demonstrated that, depending on
the severity of the hearing loss, the use of hearing aids or cochlear implants improves
hearing ability. After regaining auditory control, the voice quality improves in all
types of hearing impairment, both in children and in adults. Research shows that, in
general, cochlear implants are more effective and improve voice quality faster than
hearing aids. The voice of children with cochlear implants is better as soon as a few
months after intervention, and the improvement continues progressively. Objective
parameters describing changes in amplitude and frequency steadily improve, and
tremor and noise decrease or disappear. Perceptive assessment shows the voice
becoming less harsh, more stable, and less dull.

Studies performed in the Institute of Physiology and Pathology of Hearing in
Warsaw have provided data on voice quality in partial deafness before and after
cochlear implantation. The results show that both children and adults with partial
deafness develop dysphonia of different degrees, although the number of altered
acoustic parameters is higher in adults than in children. After cochlear implantation,
however, the voice quality of both children and adults improves, and this is reflected
in both objective and subjective assessments.
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5. Conclusions

Contemporary medicine gives more and more treatment opportunities for dif-
ferent groups of patients, including those who suffer congenital or acquired hearing
impairment. Cochlear implantation is now a treatment of choice for patients with
deafness or hypoacusis (including partial deafness), giving them a chance to regain
hearing and improve quality of living.

Problems faced by hearing impaired people are seen in many areas of life, includ-
ing communication, professional life, mental conditions and self-esteem. Voice
disorders resulting from hearing impairment is one of the factors underlying patients
distress.

Therefore, the procedure of cochlear implantation by enabling better hearing and
voice quality improvement, helps to improve patients’ comfort and life quality in
many aspects.
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Chapter 8

Hearing Aid Directional
Microphone Systems for Hearing
in Noise

Charlotte T. Jespersen

Abstract

Sensorineural hearing loss is the most common type of permanent hearing loss.
Most people with sensorineural hearing loss experience challenges with hearing in
noisy situations, and this is the primary reason they seek help for their hearing loss.
It also remains an area where hearing aid users often struggle. Directionality is the
only hearing aid technology—in addition to amplification—proven to help hearing
aid users hear better in noise. It amplifies sounds (sounds of interest) coming from
one direction more than sounds (“noise”) coming from other directions, thereby
providing a directional benefit. This book chapter describes the hearing-in-noise
problem, natural directivity and hearing in noise, directional microphone systems,
how directionality is quantified, and its benefits, limitations, and other clinical
implications.

Keywords: hearing-in-noise, natural directivity, directional microphone systems,
microphone arrays, fixed and adaptive arrays, benefits, limitations, and clinical
implications

1. Introduction

The inability to hear in noise is a strong driver of help-seeking among people with
hearing loss. Although satisfaction with hearing aids is high among users, they are
often relatively less satisfied with how well they hear in noisy backgrounds when
wearing their hearing aids [1]. The most common solution to help people who use
hearing aids to hear better in noise is the use of directional microphone systems, also
called simply “directionality”. This technology allows hearing aids to amplify sound
from one direction more than sound from other directions and can thereby reduce
interfering noise that arises from a different location than the sound of interest. With
digital technology, the performance capabilities and automatic control of directional-
ity has increased in complexity and sophistication with the purpose of increasing
both benefit and ease of use for the hearing aid user.
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2. Why do people with hearing loss have trouble hearing in noise?

People with sensorineural hearing loss (SNHL) have reduced audibility of soft
sounds which means their thresholds of hearing are elevated, such that they can-
not hear soft sounds that people with normal hearing can. People with mild to even
moderate-severe hearing loss are known to report that they have little-to-no difficulty
hearing in one-on-one conversations in quieter environments but struggle to under-
stand speech when there are multiple people talking or when in background noise. It
is often these increased difficulties hearing in noise or more adverse listening condi-
tions that makes them pursue hearing aids.

SNHL involves damage to the cochlea and often the peripheral neural pathway
of the auditory system. Because this system is nonlinear in its behavior, so are the
effects of damage on perception of sound. In addition to the loss of hearing sensitiv-
ity already mentioned, those with SNHL show effects on how sound above hearing
thresholds is perceived, including:

* Frequency dependent loss of audibility. SNHL tends to affect high frequencies
to a greater degree than lower frequencies. Because the sensation of loudness is
dominated by lower frequency sound, some people may not even recognize that
they have hearing loss until their hearing loss progresses enough that it impacts
more daily listening situations. Many high-frequency consonant sounds are
crucial for speech understanding, especially in background noise, and loss of
audibility in higher frequencies can have a disproportionate negative impact. (for
a review, see Ref. [2]).

* Reduced dynamic range of hearing. In SNHL, thresholds of hearing sensitivity are
elevated, while levels of discomfort are not correspondingly higher. Therefore, the
dynamic range (difference between threshold of hearing and loudness discomfort)
is reduced. People with SNHL may not hear soft sounds but may find loud sounds
equally as bothersome as those with normal hearing. This is partly because those
with hearing loss experience a more rapid growth of loudness compared to people
with normal hearing, which is referred to as “loudness recruitment”. How SNHL
affects loudness perception is outlined in detail by Moore [3].

* Poorer frequency and temporal resolution. The ability to discriminate sounds
that are closely spaced in frequency and/or in time is less in persons with SNHL
compared to those with normal hearing. This can result in some sounds being
“covered up” by others, which contributes to difficulties hearing in noisy envi-
ronments. There are excellent descriptions of reduced frequency and temporal
resolution [3].

* Reduced pitch perception. The ability to detect changes in frequency over time
is poorer than normal with SNHL. This may impair, for example the ability to
perceive pitch patterns of speech, to discern which are the emphasized words in
an utterance, and to determine whether what is being said is a question or a state-
ment. Pitch also conveys information about a speaker’s gender, age, and emo-
tional state. This means that people with hearing loss may have more difficulty
with perception of these basic, but important aspects of understanding speech
and the speaker’ intention. A more detailed review of the negative impact of
reduced pitch perception is available [3].
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* Reduced binaural processing abilities. The ability to integrate, analyze, and
compare information received from each ear is poorer with SNHL compared
to those with normal hearing, and contributes to difficulties hearing in noisy
environments. Differences in frequency, intensity, timing, and phase of informa-
tion received by each ear in a listening environment provide the brainstem with
cues needed to help determine the location a sound is coming from, and to best
extract speech out of background noise. These cues are degraded in people with
hearing loss. There are thorough overviews of binaural hearing abilities [3].

These effects are all contributors to the experience of difficulties hearing in noise
that most people with SNHL report. Perceived difficulties with hearing in noise are
also reflected in objective performance measures. SNHL results in poorer speech
understanding in noise compared to normal hearing in the same situation. Many
speech tests measure percent correct at a given signal-to-noise ratio (SNR). SNR
indicates the relationship between the signal of interest e.g., speech, as compared to
background noise. It is expressed in decibels (dB), and a SNR of 0 dB indicates that
the signal level is equal to the noise level. A positive SNR value indicates that the
signal is greater than the noise, and a negative SNR value indicates that the signal is
less than the noise. Effectively, the greater the SNR, the easier it is to hear the signal of
interest among the noise. Another useful way to quantify performance differences in
addition to speech recognition in noise tests is to quantify performance differences by
measuring a person’s SNR loss [4]. SNR loss is defined as the increase in SNR required
by a person with hearing loss to understand speech in noise, relative to the average
SNR required for a person with normal hearing. Research has shown that people with
hearing loss may require SNR improvements ranging from 2 to 18 dB, depending
on the magnitude of the hearing loss, to hear as well as people with normal hearing
under the same listening conditions [3-8]. The reduced ability to understand speech
in noise seems to mainly be caused by decreased audibility for people with mild and
mild-moderate hearing losses. For people with severe and profound losses, and for
some people with more moderate loss, decreased frequency and temporal resolution
seem to play a larger role in their reduced ability to understand speech in noise [2, 3].

SNHL occurs with various degrees and combinations of decreased audibility,
reduced dynamic range, deficits in frequency/pitch and temporal resolution, and
poor binaural hearing processing. Regardless of the specific deficits for a person with
hearing loss, SNHL results in poorer speech understanding compared to normal
hearing in the same situation even when the person with hearing loss uses hearing
aids. The reduced ability to understand speech in noise seems to mainly be caused
by decreased audibility for people with mild and mild-moderate hearing losses. For
people with severe and profound losses, and for some people with more moderate
loss, decreased frequency and temporal resolution seem to play a larger role in their
reduced ability to understand speech in noise [2, 3].

If the hearing loss is not too severe, loss of audibility can be compensated for by
hearing aids, because amplification can focus on those frequencies where speech
has the softest components e.g., typically the high frequencies, which is likewise
where hearing loss is typically the greatest. On the other hand, it is more challeng-
ing to compensate for the other auditory processing deficits that cause difficulties
hearing in background noise with hearing aids. For example, reduced frequency and
temporal resolution degrade important speech cues, effectively decreasing the SNR
of the auditory information processed at the auditory periphery before it ascends to
the auditory cortex where it is “heard” [2]. All hearing aids can do to minimize the
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problems caused by reduced frequency resolution is to keep noise from being ampli-
fied by the hearing aids as much as possible, and to provide appropriate variation

of gain by frequency so that low-frequency parts of speech or noise do not mask the
high-frequency parts of speech and so that frequency regions dominated by noise are
not louder than frequency regions dominated by speech.

A proven solution to compensate for hearing difficulties in noise beyond what
can be obtained with hearing aid amplification is to use directional microphone
systems [9, 10]. These work by amplifying sounds coming from one direction more
than sounds from other directions, and thereby reducing interfering noise that arises
from a different location than the desired sound and providing an SNR benefit.
Directionality is the only hearing aid technology, apart from amplification itself, that
has been shown to improve speech recognition in noisy situations [9, 10].

3. Natural directivity and hearing in noise

People with normal hearing use naturally provided directional and spatial percep-
tion cues to hear in both quiet and noisy environments. It is useful to understand
how this is accomplished as directional microphone systems may interfere with, or
conversely, attempt to preserve or replicate these natural perceptual advantages.

Listening with two ears (binaural hearing) compared to with only one ear (mon-
aural hearing), has benefits that arise from several monaural and binaural cues that
contribute to an improved ability to hear in noise [11, 12].

Sound from each ear creates a cohesive auditory image in the central auditory
system of the surroundings in terms of the number, distance, direction, and orienta-
tion of sound sources, and the amount of reverberation [3]. Binaural hearing provides
perceptual advantages in terms of localization of sound, an increase in loudness, noise
suppression effects, and improved speech clarity and sound quality. Binaural hearing
enables us to selectively attend to something of specific interest, like a single voice
among many talkers [2].

3.1 Localization via binaural and monaural cues

One thing that listening with two ears helps us to do is to determine which direc-
tion sound comes from. This is because the sound arriving at each ear will be different
in terms of loudness, time of arrival, and spectral shape, and our brains can decode
these cues.

Sound originating closer to one ear will reach that ear sooner and with higher
intensity than the other more distant ear. Low-frequency sound has long wavelengths
that are longer than the curved distance between the two ears and will bend around
the head, maintaining the intensity of the sound between the ears. However, sound
originating on one side of the head will arrive at the ear on that side before it reaches
the ear on the other side. This difference in time of arrival between the ears is called
the interaural time difference (ITD) and is the most salient cue for determining
whether sound comes from the right or left side.

High-frequency sound has short wavelengths that are shorter than the dimensions
of the head resulting in high-frequency sound being diffracted by the head. This dif-
fraction of high-frequency sound results in more intense sound in the ear on the side
of the head closest to the sound and an attenuation of sound going around the head to
the other ear, with the latter being a phenomenon known as the “head shadow effect”.
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This difference in intensity of sound between the two ears is called the interaural level
difference (ILD) [12]. Cues for ITD are most efficient at frequencies 1500 Hz and
below;, while cues for ILD are most pronounced above 1500 Hz [13]. The ITD and ILD
cues are binaural cues that help with localizing which side a sound is coming from
(lateralization).

The main cues for localizing sound in terms of elevation (up-down localization)
and in the front or back are provided by diffraction patterns of sound striking the
head, pinnae, and upper body [11]. High-frequency sound is boosted by the pinnae,
head, and upper body when arriving from the front, and is attenuated when arriving
from behind. Although this spectral shaping of sound is a monaural cue, listeners
require both monaural and binaural cues to localize correctly [2, 14].

The cues upon which sound localization is based (i.e., ITDs, ILDs, and spectral
shaping) also enable spatial hearing, which is the ability to localize and external-
ize sounds in terms of direction and distance. Spatial hearing provides a broader
sense of the environment, thereby helping segregate sounds to choose what to focus
on [2, 11, 12].

People with normal hearing uses redundancy in these binaural and monaural
cues. When they are in more difficult listening conditions where some of the cues are
masked, they can still make use of those that are not. A low-frequency noise “cover-
ing up” the ITD cues of a desired sound can for instance easily be compensated by
the high-frequency ILD cues. People with hearing loss usually cannot as easily take
advantage of this redundancy [12, 15].

3.2 Hearing in noise

When in noise, a person can hear speech more effectively with two ears than with
one because of the ability to localize sound, but also because of the head shadow
effect, binaural redundancy, and binaural squelch. These binaural cues become
advantageous when people leverage them to achieve their listening goals in noise,
even though this is somewhat unconscious.

Binaural squelch refers to the auditory system’s ability to employ ITD and ILD
cues to spatially separate competing sounds and to attend to the ear with the better
SNR [11].

Binaural redundancy is the advantage of receiving the same signal at both ears.
When the same signal is received at both ears the treatment of information is more
sensitive to small differences in intensity and frequency, and speech recognition is
improved in the presence of noise. Binaural redundancy includes binaural loudness
summation, where the loudness of a sound is greater if it is heard with two ears as
opposed to with only one [11].

Binaural listening can be described in terms of two broad strategies: the “better
ear strategy” and the “awareness strategy” [16]. The better ear strategy describes
the advantage of one ear having a better SNR than the other ear in noise, due to the
diffraction pattern from the head that leads to a different SNR in each ear when
the desired signal and noise reach the head from different directions. People using the
better ear strategy will position themselves relative to the desired sound to maximize
the audibility of that sound, and they will rely on the ear with the best representation
or best SNR of that sound [2, 11]. The combined directivity characteristics of the two
ears form a perceptually focused beam that can be taken advantage of depending on
the desired sound’s location. Therefore, if at least one ear has a favorable SNR, then
the auditory system will take advantage of it.
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The awareness strategy is an extension of the better ear strategy. This strategy
includes the all-around aspects of binaural listening that allow a person to remain
connected and aware of the surrounding soundscape when the head shadow effect
improves the SNR in one of the two ears. Due to the geometric location of the two ears
on the head, the brain can either use the head shadow to enhance the sound of interest
or make the head acoustically “disappear” from the sound scene so that the person can
attend to sounds all around.

Although they may be experienced to a lesser degree, binaural hearing advantages
also exist in the presence of peripheral damage to the auditory system. Bilaterally-
fitted hearing aids can maintain and enhance binaural hearing advantages by making
auditory cues audible [2, 15]. However, this is provided that the way the sound is
collected and processed by the hearing aids gives the appropriate input for the brain
to make use of the cues. In other words, hearing aids can support binaural hearing
advantages, but they can also interfere with them.

4. How directionality is quantified

Directional microphone systems help address the most fundamental problem of
people with hearing loss i.e., understanding speech when there are multiple speakers
or when in background noise. These systems provide a directional beam of sounds
that are amplified more than sounds from other directions, thereby providing a better
SNR compared to when the hearing aid amplifies sounds from all directions equally.
As a prerequisite to understanding the operating principle of directional microphone
systems and the factors that affect the performance, it makes sense to first discuss
how performance is measured and represented.

How well a directional microphone system amplifies sounds from one direction
while attenuating sounds from other directions can be quantified electro-acoustically
[17] and is usually illustrated in a polar pattern. Polar patterns are displayed on a
circular graph, displaying the entire 360° sensitivity response of the system, with 0°
marking the frontward-facing direction. When referring to a directional microphone
system’s pickup pattern, sound not coming from directly in front of the microphone
(0°) is referred to as off-axis. Greater attenuation equates to less sound being picked
up by the directional microphone system. An omnidirectional (non-directional)
microphone’s polar pattern is equally sensitive to sounds from all directions and has
the shape of a circle [2]. Directional microphone systems can provide an indefinite
number of different polar patterns. The polar pattern can be unchangeable (“fixed”)
and/or flexible and adapting between multiple polar patterns depending on the listen-
ing environment. Furthermore, different polar patterns will be evident for different
frequencies for any given directional microphone system. Figure 1 shows the most
prototypical polar patterns starting from the left with an omnidirectional polar pat-
tern with a bold black line indicating a polar pattern that is equally sensitive to sounds
from all directions (360°), followed by a cardioid polar pattern with the bold black
line indicating a polar pattern showing excellent sensitivity to the front (0°), reduced
sensitivity to the sides (90° and 270°), and minimal sensitivity to the rear (180°).
Next is a super-cardioid polar pattern with the black line indicating a polar pattern
that shows excellent sensitivity to the front (0°), reduced sensitivity to the sides (90°
and 270°) and some sensitivity to the rear (180°). The fourth plot from the left shows
a hyper-cardioid polar pattern with the black line indicating a polar pattern that is
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Figure 1.
The figure is showing the following polar patterns from the left: Omnidirectional-, cardioid-, super-cardioid-,
hyper-cardioid-, and a bi-directional polar pattern (in dB).

very much like the hyper-cardioid, but with less sensitivity to the rear (180°). The last
illustration shows a bi-directional polar pattern with the black line illustrating a

polar pattern that has the same sensitivity to the front (0°) as to the rear (180°) with
reduced sensitivity to either side.

The polar pattern of a directional microphone system can be measured either
in free space or in/on the ear of a person. When measured in free space, the polar
patterns look like those shown in Figure 1. The head and pinna affect the intensity
of sound reaching the ear canal as described above. The acoustic effects of the head
shadow and pinna also affect the intensity of the sound reaching the hearing aid
microphones. Therefore, the polar patterns of a directional microphone system as
worn on the head will be different than the polar patterns measured in free space.

The head and pinna attenuate sounds when the head and pinna are placed between

the sound and the directional microphone system (Head shadow effect) and boost the
sound when the directional microphone system is next to the head and pinna and close
to the sound. The attenuation and boosting effect of the head and pinna increases with
frequency [2].

Another way of quantifying directionality is by use of the directivity index (in
dB). The directivity index shows a directional microphone system’s sensitivity to
sounds from the front compared to its mean sensitivity to sounds from all other
directions [17]. The comparison to the mean of sounds from all other directions
can be to sounds from all other directions in a two-dimensional (2D) horizontal
plane (in a circle) or in a three-dimensional (3D) space (in a sphere) [2]. The
directivity index can also be weighted according to a speech importance function
called the Articulation Index. This is intended to provide a better prediction of
how directivity will influence actual speech recognition in noise performance.

The directivity index, with and without the articulation index weighting, has been
found to correlate well with speech recognition in noise performance, although the
weighting function does not appear to increase the accuracy of predicting percep-
tual benefit [17].

A directional microphone system’s directionality can also be quantified by its
front-to-back ratio. This measure shows the system’s sensitivity to sounds from in
front (0°) relative to sounds from directly behind (180°). This measure captures less
information about the directional characteristics of the system than polar patterns or
directivity index. It is most useful in determining whether a system is directional or
not, rather than in describing its characteristics.

Perceptual or behavioral testing is a clinical way to measure directionality, and this
is very commonly reported as an outcome in the literature on directional microphone
systems. Adaptive tests that determine an SNR at which listeners achieve a certain
performance level, such as 50% correct recognition, are the most efficient approach
and allow data from groups of listeners to be easily combined.
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5. Directional microphone systems

Directional hearing aids appeared on the market in 1971 [17]. Those devices were
equipped with a directional microphone, which is a single microphone with a direc-
tional polar pattern. Hearing aid directionality has evolved since and directionality
is today offered via two-microphone and four-microphone arrays. Various terms are
used to describe these systems. For simplicity, they are often referred to as “direc-
tional microphones” even though the systems are built from multiple omnidirectional
microphones.

The basic principles of how an omnidirectional and directional microphone work
will be explained before discussing today’s directional microphone systems, as today’s
technologies are based on the same principles. In an omnidirectional microphone,
sound waves enter through a single sound port and reach one side of a very thin and
flexible diaphragm within the microphone as shown in Figure 2 (left panel). The
sound waves cause the diaphragm to deflect and, by different means depending
on the microphone type, the deflections are converted into an analogous electrical
signal. An omnidirectional microphone is, as previously mentioned, equally sensitive
to sounds from all directions when in a free space i.e., when not worn on the head by a
hearing aid user.

A microphone can be made directional (more sensitive to sounds from one
direction than from other directions) by having two sound ports, a front and a rear
sound port, that feed sounds to each their side of the diaphragm as shown in Figure 2
(right panel). Since it is assumed that hearing aid users will be facing the sound they
want to hear, directional microphones are positioned in the hearing aid to be most
sensitive to sound coming from the front. Sound arising from the rear will enter the
rear sound port first, and the front sound port shortly after. The time it takes sound
to travel between the two sound ports is called the “external delay”. An acoustic filter
added to the microphone design delays the sound entering the rear sound port, this
is called the “internal delay”. Depending on the wavelength of the sound, and the
internal and external delays, the sound striking the diaphragm from each side will
either add or subtract. If the sound subtracts, the deflection of the diaphragm will be
smaller or perhaps it will not deflect at all, and a less intense signal or no signal will
be transduced into an electrical signal. Acoustic filters can be chosen that optimize
subtraction—or phase cancelation—of sound arriving from the rear, resulting in
different polar patterns. Both delays are fixed in a directional microphone. The
external delay determined by the sound port spacing is fixed in the physical design.
The internal delay is determined by a physical acoustic filter with a specific delay.
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Figure 2.
Left: Illustration of an omnidirectional microphone. Right: Illustration of a directional microphone.
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A directional microphone can consequently only provide one unchangeable direc-
tional polar pattern i.e., directionality is fixed.

5.1 Directional microphone arrays

Today, directionality in hearing aids is offered via microphone arrays, also called
beamformers, that can be split into three categories as described below. Pertaining to
directionality, the term beamformer is used to indicate that the microphone system
in the hearing aid is directional. A beamformer is a type of microphone array used in
hearing aids in which directional sensitivity is increased significantly in one direc-
tion, and reduced in all other directions, hence forming a “beam” in the direction of
the greatest sensitivity [12, 18]. The following microphone array terminology will be
used throughout this text for convenience:

* Two-microphone arrays: Consisting of two omnidirectional microphones located
within the body of one hearing aid. Also referred to as “dual or twin microphone
systems”, unilateral beamformers, and first-order subtractive directional micro-
phones [2, 19, 20].

¢ Four-microphone arrays: Consisting of the output from all four microphones of
a bilaterally-fitted pair of hearing aids, each containing two microphones. Also
referred to as bilateral beamformers [2, 19, 20]. This type of system requires a
wired or wireless connection between the hearing aids to allow exchange of the
audio signals at the two ears.

* Multi-microphone arrays: Consisting of three or more microphones on one
device or multiple microphones placed on optical glasses. Also referred to as
second-order directional microphones [2, 19-21]. Multi-microphone arrays
are not currently used in hearing aids and will for this reason not be discussed
further here.

5.1.1 Two-microphone arvays (unilateral beamformers)

The most common method of providing directionality in hearing aids is to use
two omnidirectional microphones located within the body of the hearing aid. These
two microphones are commonly referred to as the front and rear microphone and
they serve an analogous function to the front and rear sound ports of a traditional
directional microphone. When in a frontward-facing directional polar pattern, the
sound from the rear microphone is subtracted from the front microphone (e.g., out
of phase) to pick up sound from the front of the hearing aid user while attenuat-
ing sound from the rear. The areas of greatest sound attenuation are often referred
to as “nulls”. As with a traditional directional microphone, the polar pattern of the
two-microphone array is determined by the ratio between the external delay and the
internal delay. The external delay is the port spacing between the two microphones,
while the internal delay is carried out in the digital signal processing [19]. The delay
ratio defines how directional the two-microphone array will be, whether it will be a
cardioid or a hyper-cardioid pattern for instance [2]. The external delay is fixed as it is
dictated by the distance between the two microphones and cannot be adjusted in real
time. The internal digital delay can be adjusted to provide different polar patterns.
The polar patten of two-microphone arrays are in other words flexible.
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5.1.2 Four-microphone arrays (bilateval beamformers)

Many hearing aids can exchange data and stream audio between a bilaterally-fitted
pair of hearing aids. This has led to expanding the types of microphone arrays avail-
able in hearing aids. One such array is a four-microphone array, which utilizes all four
microphones available on a bilaterally-fitted pair of hearing aids. The two hearing aids
exchange audio information, which allows summing and/or subtraction of the audio
signals between both hearing aids before combining the sound into one monaural
output. The monaural output is then delivered to both hearing aids. Compared to a pair
of hearing aids using two-microphone arrays independently, a four-microphone array
can thus provide an even narrower polar pattern (beam).

Numerous methods for processing in four-microphone arrays exist and have been
discussed in the literature [2, 19, 20, 22]. The most basic method is similar to two-
microphone arrays, with the output of each independent two-microphone system that
is treated similarly to the output from one microphone in a two-microphone array. By
manipulating the internal delays in this system, the direction of maximum sensitivity
is determined, along with potential frequency dependent and adaptive behavior.

5.1.3 Fixed and adaptive arvays

Two-microphone and four-microphone arrays can either duplicate the performance
of a traditional directional microphone and provide one directional polar pattern
only i.e., fixed directionality and/or provide flexible directional polar patterns that
adapt with the acoustical environment i.e., adaptive directionality. The adaptation is
based on parameters within the hearing aid system from the environmental analysis
and classification [23]. The adaptive behavior of the system is intended to account
for noise backgrounds that consist of noise sources that are not diffuse and/or not
stationary. The adaptation will direct the nulls to the specific noise sources within the
limitations of the system. A further distinction is that a given system may be broad-
band adaptive or show frequency-specific behavior. A broadband adaptive system
can be effective in canceling a moving noise source. For example, such a system
could track and reduce the sound of a car passing from right to left behind a hearing
aid user. In a frequency-specific system, different sets of delays apply depending on
frequency; if background noises have different frequency content and are spatially
separated, they can be effectively canceled simultaneously. The benefit of the fre-
quency specificity is that various kinds of both stationary and moving noises can
each potentially be reduced maximally. For example, if the hearing aid user wasina
café with a coffee grinding machine running off to the left, a higher pitched sound
of a milk steamer directly behind, and a phone ringing off to the right, a frequency-
specific system could cancel all of these noises simultaneously.

5.1.4 Common solutions to drawbacks in two-microphone and four-microphone
arrays

All directionality, from the basic, fixed directional microphone to those with
multiple arrays will feature a loss in low-frequency amplification. Low-frequency
sounds have long wavelengths relative to the spacing between each microphone,
resulting in similar phase alignment of sound regardless of direction of arrival. This
results in greater subtraction of low-frequency sounds coming from any direction.
This effect results in a predictable roll-off in the low frequencies of 6 dB/octave [24].
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The loss in low-frequency amplification has typically been managed by providing
additional low-frequency amplification to the directional microphone output. While
this method provides make up gain in the low frequencies, it can also amplify internal
noise to a degree that becomes bothersome for the hearing aid user in quiet environ-
ments [2]. A different solution to this issue is to provide band-split directionality.
Band-split directionality is achieved by filtering the audio coming from the front of
both microphones on each hearing aid into separate high-frequency and low-fre-
quency channels; these separate frequency channels are then fed through individual
delays. This allows the hearing aid to provide different delay times, and thus different
polar patterns, to each frequency channel. Through band-split directionality, the
hearing aid can provide an omnidirectional polar pattern to the low frequencies,
while maintaining directivity in the high frequencies. Although this does not provide
any directional attenuation of sounds that are considered noise in the low frequen-
cies, it has the added effect of simulating the natural directivity of normal hearing
[2]. It also has the advantage of preserving ITDs, which is an important binaural
hearing cue. And it maintains similar sound quality to a full-band omnidirectional
response, which makes it possible for automatic switching of microphone modes
without the hearing aid user noticing any distracting change in the sound. Band-
split directionality bypasses the issue of increased internal noise from the increased
low-frequency gain that is found in hearing aids applying directionality to the low
frequencies.

Behind-the-ear (BTE) and receiver-in-the-ear (RIE) hearing aid styles have a
disadvantageous microphone location above and behind the pinna compromising
spectral cues in these hearing aid styles. Many two-microphone and four-microphone
arrays use a pinna restoration response to compensate for this. Pinna restoration
mimics the natural front-facing directionality of an average pinna in the higher
frequencies to compensate for the disadvantageous microphone location [18]. A pinna
compensation algorithm has been shown to effectively reduce the number of front/
back confusions compared with traditional omnidirectional microphones [25, 26]. In
areview of studies on pinna restoration, Xu and Han suggested that individual dif-
ferences in real-world performance with pinna restoration indicate that some hearing
aid users may experience a localization benefit relative to omnidirectionality while
others may not [27].

5.1.5 Applying divectionality in daily life

Directionality has many benefits for hearing aid user, but it is not appropriate
for all listening situations, and therefore full-time use of directionality is not recom-
mended [17, 28]. It has been reported that hearing aid users prefer an omnidirectional
setting in quiet environments, and while directionality is helpful in noise, it is most
beneficial when sounds of interest are in front of the hearing aid user and spatially
separated from the unwanted noise, which is not always the case [17, 29]. The
dilemma of the capability of directionality to provide speech recognition in noise
benefit, but with numerous potential drawbacks, contributed to limited fitting of
directional microphones in hearing aids until the mid-1990s. Another factor was that
directionality was incompatible with the small styles of in-the-ear (ITE) hearing aids
that were most popular in the 1980s and 1990s. Today, most styles of hearing aids
can and do house directional microphone systems, and flexibility in programming of
hearing aids and in user control of hearing aid parameters provide many options for
the hearing aid user to access directional benefits.
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The simplest option from a technical point-of-view is to give the hearing aid
user manual control of the directional setting in their hearing aids. In this case, the
hearing aids have two or more settings where at least one contains directionality, and
the hearing aid user can select the desired setting via a button on the hearing aid, a
remote control, or a smartphone app. This solution requires the hearing aid user to
recognize when directionality might be beneficial, activate the appropriate setting,
and manage various aspects of their listening environment to maximize benefit. This
could include, for example, asking their conversational partner to sit or stand in a
well-lit area facing the unwanted noise sources so that the hearing aid user can face
their partner with their back to the noise. The hearing aid user must also remember to
deactivate the directional setting when it is no longer relevant.

Another option is for directionality to be activated automatically in listening
conditions where it might be of benefit. This requires that the hearing aid has a way of
identifying relevant acoustic environments as well as a strategy for when and how to
apply the directional settings. A more detailed discussion of this concept follows.

5.1.6 Environmental analysis and classification

Hearing aids have automatic functionality that allows for changing of directional
mode based on the environment. Prior to discussing the automatic aspects of direc-
tionality, it is prudent to summarize how hearing aids analyze and categorize differ-
ent environments. Hearing aids determine which type of acoustic environment they
are in through environmental classification algorithms, or more simply environmen-
tal classifiers.

While it is difficult to discuss specifics of environmental classifiers due to propri-
etary aspects of hearing aid algorithms, similarities in environmental classifiers exist
across manufacturers [23]. Environmental classifiers identify pre-determined acous-
tic environments (e.g., quiet, noise, speech and noise, etc.) and trigger automatic
changes in hearing aid settings and features in order to adjust to a given environment.
Environmental classifiers can drive automatic changes in hearing aid features such
as noise reduction, wind noise reduction, and directionality. Because of their role
in automatic changes in hearing aids, environmental classifiers are one of the most
important components of modern adaptive hearing aids.

Environmental classifiers determine environments through analyzing the acoustic
features of sound, such as level or intensity, spectral shape, modulation depth and
rate of the sound in the environment [2]. Directional microphone systems can also be
part of the environmental analysis, as the output of the system can be used to detect
the direction of arrival of speech as well as estimating the sound level coming from
the front or back hemisphere. The hearing aid continually analyzes the environment
and updates the classification as the environment changes or the hearing aid user
moves to a new environment (e.g., from noise to quiet).

5.1.7 Automatic contvol of directionality

Regardless of the specific directionality, i.e., fixed or adaptive, two- or
four-microphone arrays, most modern hearing aids include a steering algorithm that
switches among two or more microphone modes based on environmental analysis and
classification. The main purpose of an automatic steering algorithm is to make wear-
ing the hearing aids easier for the hearing aid user, and to maximize opportunities for
benefit of directionality. At a minimum, such algorithms include omnidirectional on
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both ears and directional on both ears when two hearing aids are fitted. Some of these
algorithms work independently per device (and therefore also work on unilaterally-
fitted hearing aids), while others rely on exchange of data between a pair of bilaterally-
fitted hearing aids to determine the optimum microphone mode for the environment.
Automatic switching of microphone modes is most commonly designed to make gradual
changes even when the environment changes quickly, as hearing aid users are bothered
by sudden and noticeable changes in the state of their hearing aids. This makes the hear-
ing aids pleasant to wear but could theoretically reduce directional benefit momentarily.
The automatic control feature in a hearing aid is based on an audiological ratio-
nale, and differences in rationales result in different automatic switching behavior. A

rationale for applying directionality can be very simple and trigger straightforward
behavior, or it can be quite complex. The rationale is currently implemented using
reactive Artificial Intelligence (AI) where an algorithm is programmed to make task
specific decisions about how to apply directionality and sometimes other features
such as gain and noise reduction settings. As technology advances, it is expected that
Al controlled directionality and other noise reducing features will incorporate input
from sensors as well as the hearing aid microphones, and that these algorithms will
learn from past experience [30, 31]. Table 1 summarizes some examples of rationales
and system behavior for automatically applied directionality in order of increasing
complexity. The most complex strategy is based on a binaural hearing model and
combines the strengths of directionality in improving SNR and compensating for
lost pinna-related cues with the binaural hearing abilities of the hearing aid user [18].

Rationale

System behavior

Potential disadvantage

Directionality is needed when noise is
present because it will improve SNR for
speech in front and reduce annoyance
of noise even if speech is not present

Above a certain input level,
directionality is applied; below that
level, omnidirectionality is applied

Does not account for
listening goals of the
hearing aid user. Lack of
audibility for important
sounds in the rear; sound
quality disadvantages;
wind noise

Directionality is needed when noise
and speech are both present because
benefit will be most likely if there is a
known signal of interest.

If speech is detected and the

input exceeds a certain level,
directionality is applied; otherwise,
omnidirectionality is applied

Same as above

Directionality is needed when speech
is present in front of the hearing aid
user and there is also noise present;
the greater specificity of listening
condition will maximize benefit

If speech is detected in front

of the hearing aid user and the
input level exceeds a certain level,
directionality is applied; otherwise
omnidirectionality is applied

Same as above

The brain requires specific information
to support natural ways that

people listen in different types of
environments. People rely on different
listening strategies that are dependent
on the acoustic environment including
spatial hearing cues, improving

SNR, and maintaining awareness of
surroundings.

Depending on presence and
direction of arrival of speech,
presence of noise and overall input
levels, one of multiple microphone
modes are applied. The specific
mode will either preserve cues for
spatial hearing and sound quality,
balance improved SNR with access to
surroundings, or maximize SNR

Slow mode switching
behavior could
potentially cause
momentary reduced
access to important
off-axis sounds

Table 1.

Rationales and system behavior for automatically applying divectionality in ovder of increasing complexity.
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The microphone modes that are applied support listening strategies discussed earlier
such as the better ear strategy and the awareness strategy.

6. Clinical implications
6.1 Benefit

The benefit of directionality in hearing aids is well established. Directionality is
the only hearing aid technology that has been shown to improve SNR in a way that
significantly improves speech recognition in noisy situations where hearing aid
users are listening to speech coming from in front of them with competing sound
from other directions [9, 32]. This has been observed with two-microphone arrays
[20, 32-36] and more recently, with four-microphone arrays. In addition, four-
microphone arrays in beamforming mode have shown benefit over omnidirectional
conditions in terms of rejecting stimulus from the side [20, 36-40].

Research has also shown some increased benefit using four-microphone arrays
in beamforming mode compared to two-microphone arrays in beamforming mode.
Picou and Ricketts [20] investigated two-microphone and four-microphone arrays in
beamforming mode as compared to omnidirectional mode in a laboratory environ-
ment. The study investigated sentence recognition along with subjective responses
(e.g., work, desire to control, willingness to give up, and tiredness). Results indicated
both two-microphone arrays in beamforming mode and four-microphone arrays in
beamforming mode significantly outperformed the omnidirectional mode in terms
of sentence recognition, and there was a small, but significant improvement noted in
the four-microphone array in beamforming mode over the two-microphone array in
beamforming mode. Additionally, subjective benefit was noted regarding tiredness
and desire to give up in the four-microphone array in beamformer mode over the two-
microphone array in beamformer mode [20].

It is important to note that testing within a laboratory setting, despite the best of
efforts, is not equivalent to real-world environments. Laboratory settings are frequently
set up with statically-positioned signal and noise stimuli, as opposed to real-world
environments with signals and noises that move. Additionally, the varying acoustic
environments and reverberations experienced in the real world are difficult to faithfully
reproduce in a simulated laboratory environment. It has been found that, when real-
world environments mimic those of a laboratory setting, directional microphone sys-
tems can provide similar real-world benefit; however, hearing aid users do not always
find themselves in laboratory-like settings [2, 41]. Despite this, we still see benefits from
directionality in hearing aids as reported by hearing aid use in real-world environments.

Hearing aid users spend time in a variety of listening environments, not all of
which are optimal for directional microphone systems. Previous studies have shown
that listeners encounter environments that can benefit from directional microphone
systems (e.g., listener in the front with noise to the sides and rear) only about one-third
of the time [2, 42, 43]. This variation in listening environments is a strong argument
for including automatic control of directionality in hearing aids. Automatic control
of directionality provides benefit to hearing aid users in speech in noise environ-
ments, without need for manual control from the hearing aid user [18, 42]. Automatic
control of directionality can also be beneficial when a talker of interest is from a
direction other than the front of the hearing aid user. This benefit has been observed
with the use of a specific automatic four-microphone array that switches between
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omnidirectional and three different directional modes based on the listening environ-
ment. The four different modes are omnidirectional/omnidirectional (both hearing
aids of a pair in omnidirectional mode), four-microphone array in beamformer mode,
and two asymmetric modes in which one hearing aid is in an omnidirectional mode
and the other is in a directional mode [44]. The asymmetric directionality modes help
to compensate for hearing aid users’ environments in which the target signal is not
directly from the front. When speech is detected from one side, the hearing aid on that
side switches to an omnidirectional mode to allow access to the speech signal. Research
involving asymmetric directionality has been shown to improve speech recognition for
off-axis sounds compared to two-microphone and four-microphone arrays in beam-
former mode [41, 45]. Note that this asymmetric directional rationale helps mimic the
natural benefit of better ear listening used by people with normal hearing.

6.2 Directional limitations and considerations

There are multiple factors influencing the effectiveness of directional microphone
systems, and it is important for both the hearing aid user and the hearing aid fitter
to be knowledgeable about these factors to be able to optimize the effectiveness, and
thereby benefit, of directionality. Factors that affect a directional microphone system’s
effectiveness include implementation, listening environment, candidacy, hearing aid
factors and knowledge about when not to use directional microphone systems.

6.2.1 Implementation of directionality

Implementation of microphone arrays in hearing aids is not without inherent
drawbacks, the first of which is size. As mentioned previously, physical separation of
microphones is a component of creating directionality in hearing aids. If the spacing
between the two microphones is too small, sensitivity is reduced, because the phase
difference between the signal hitting the front microphone and the rear microphone
is reduced. The reduced phase difference results in less subtraction between the two
microphones, and thus less directional sensitivity [2]. As low frequencies have longer
wavelengths, this reduction in sensitivity due to small spacing between the micro-
phones mostly impacts low frequencies [2, 24]. Conversely, too large of a spacing
can result in a reduction of frontal sensitivity to high frequencies. When a frequency
is so high such that the distance between the microphones is half its wavelength,
areduction in high frequency directional response can occur [2]. Since there are
consequences of too small or too large of a microphone spacing in hearing aids, it has
been reported that a microphone spacing of between 5 and 12 mm is appropriate and
commonly used for hearing aids [2, 24, 46].

Given the importance of spacing between the microphones, a hearing aid must
physically be able to provide adequate microphone spacing for directionality. Thus,
hearing aid style often determines whether directionality is present. It is standard to
find directionality in BTE, RIE, ITE and larger in-the-canal (ITC) hearing aids. While
the completely-in-the-canal (CIC) and invisible-in-the-canal (IIC) hearing aid styles
do not have sufficient room on the faceplate of the hearing aid for two microphones
[2], it is possible in smaller styles to use the omnidirectional microphone on each
hearing aid as a two-microphone array. An issue with this is that both binaural and
monaural spectral cues that are a natural acoustic advantage for these hearing aid
styles are removed or disrupted, thereby diminishing the potential benefit of the
directional microphone system.
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Although, lack of directionality on custom devices may seem like an immediate
disadvantage, it is important to consider the natural high-frequency directionality
provided by pinna cues. By placing a hearing aid microphone further into the ear
canal, as is the case in custom devices, the pinna shapes the sound before it reaches
the hearing aid microphone, allowing an omnidirectional mode to be shaped by the
natural directionality produced by the pinna. This is most noticeable on CIC and IIC
hearing aids, but even ITE hearing aids with narrow microphone spacing can receive
some of these benefits [47, 48]. A greater directivity index is noted as insertion depth
of the hearing aid is increased [2, 24, 48].

As discussed previously, hearing aids that sit above the ear, such as BTE and RIE
hearing aids, must compensate for the lack of pinna cues due to the microphone
location above the ear. Proximity of the microphones to external ear anatomy, such as
the helix, can obscure microphones and impact sound entering the microphones, and
thus directionality [49]. Due to these factors, it is important to ensure the BTE and
RIE hearing aids are positioned in such a way that they are placed as far forward on
the pinna as is comfortable to reduce any positioning impacts on directionality.

As a final note regarding implementation of four-microphone arrays, they have
the additional requirement for wireless functionality, so size is also a consideration,
because the hearing aid must be large enough to fit the wireless antennae and batteries
that can provide enough power for the wireless transmissions. As such, microphone
arrays are typically found in BTE, RIE, and larger custom hearing aids.

6.2.2 Listening environment

A limitation of directional microphone systems is that the SNR benefit is realized
only when certain conditions are met. First, the sounds of interest must be spatially
separated from the sounds that are not of interest (“noise”) [2]. Effectively, this
means that noise cannot be directly next to or behind the sounds of interest, as the
noise will be amplified alongside the sounds of interest.

Second, the sounds of interest must be located within the directional beam [2]. If
the sounds of interest are located outside the directional polar pattern of the direc-
tional microphone system, the signal of interest will be attenuated.

Third, the sounds of interest should be within “critical distance” of the hearing aid
user. The critical distance is the distance at which the sound pressure level of a sound
is composed of equal parts direct sound and reverberant sound [50]. Reverberant
sound, or reverberations, occurs due to the result of a sound reflecting off surfaces
in the environment. Reverberations in the environment cause reflections to hit both
microphones at the same time, thereby reducing the phase differences that create
the intended directional response. Thus, the ability of the hearing aid to cancel the
unwanted reverberant sounds are reduced [2]. Critical distance varies depending on
the listening environment, and can range from 2 to 3 meters in an environment with
minimal reverberation and less than 1 meter in a highly reverberant environment [50,
51]. It should be noted that sounds that fall outside of critical distance are not imme-
diately unavailable to the hearing aid user, but rather there is a gradual reduction in
benefit as sound sources cross and move further outside critical distance [2].

While hearing aid directionality provides benefits in certain environments,
hearing aid users may not always find it beneficial if sounds of interest are coming
from directions other than the front. As mentioned, using a hearing aid with auto-
matic control of adaptive directionality, or providing the hearing aid user the ability
to switch between settings, can provide flexibility to the user, based on their own
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experiences and listening environments. Thus, it is important to take hearing aid
users’ needs into consideration when fitting hearing aids with directionality.

6.2.3 Candidacy

All hearing aid users can benefit from directional microphone systems. With few
exceptions, directional benefit does not depend on hearing loss [2, 9]. However, a
person with more hearing loss, and thus SNR loss, will be more dependent on a direc-
tional microphone system than a person with less or no hearing loss [2]. Directional
microphone systems cannot completely compensate for the suprathreshold auditory
processing problems of some people experiencing poor aided speech recognition, such
as occurs with retro-cochlear disorders of the auditory nervous system. Similarly, direc-
tional microphone systems cannot compensate in cases in which there is unaidable hear-
ing at certain frequencies due to the extent of the SNHL [2]. While directionality can
still provide the best possible SNR for these hearing aid users, it is important to establish
expectations regarding the benefit of directionality and hearing aid technology.

Another aspect of candidacy to consider regarding directional benefit is whether
the person with hearing loss is a candidate for open fit hearing aids. Open fit hearing
aids use coupling to the ear canal (e.g., dome) that allows low-frequency sound to
enter and exit the ear canal, which allows for significant venting. This provides a more
natural, “open” sound, because the hearing aid user hears the low frequencies unim-
peded, while the hearing aid provides amplification for the mid- and high frequencies
[2]. Candidates for open fit hearing aids have relatively good low-frequency hearing,
with hearing thresholds better than about 40 dB hearing level (HL) in the low frequen-
cies. Open fit hearing aids also reduce the occlusion effect. The occlusion effect is the
buildup of low-frequency sound pressure levels (SPL) in an occluded ear canal. Hearing
aid user generated sounds, such as own voice, chewing, swallowing, breathing, and
coughing, are conducted via the body to the ear canal [52, 53]. As an open fit does not
result in the buildup of low-frequency energy, the occlusion effect is notably reduced.

However, this venting provided in open fittings has a negative impact on overall
directional benefit in the low frequencies. It is only possible to provide improved
SNR, and thereby a directional benefit, for frequencies where the hearing aid
output is greater than the vent output [2]. Since in open fittings there is minimal
low-frequency amplification, and what low-frequency amplification is provided will
likely leak out of the vent, it is not possible to achieve hearing aid output greater than
vent output in this frequency range. In addition, open fittings reduce the benefit of
directionality because ambient noise can enter the ear canal [2, 54, 55]. These factors
mean that open-fit hearing aid users will only receive directional benefit in the mid-
and high frequencies [2].

Despite the drawbacks open fittings have on directional benefit, it is once again
important to think about the natural directional response pattern of the ear. Recall
that the open ear has a more omnidirectional response in the low frequencies com-
pared to the high frequencies [2, 56]. Because of this, the lack of directional benefit in
the lows, an open fitting with directionality can still be seen as a solution that repli-
cates the natural directionality pattern of the open ear.

6.2.4 Hearing aid user factors

Directionality in hearing aids can provide significant benefit to hearing aid users,
but as with any hearing aid technology, the hearing aid users, their own listening
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scenarios, and their own unique preferences must be considered. It has been shown
that more than 30% of adults’ active listening time is spent attending to sounds that
are not in front, where there are multiple target sounds, where the sounds are mov-
ing, or any combination of these—situations where front-facing directionality can
interfere with audibility of the sound of interest [2, 42, 43, 45].

Furthermore, vast assumptions are made by the hearing aid about noise and the
interfering signal. While noise is assumed to be “unwanted sound,” is it appropri-
ate for hearing aids to always make assumptions on what sounds are “unwanted”?
Consider that the sound of interest for a hearing aid user may not always be speech,
and this can vary based on the listening environment for the same general situation
e.g., in a busy airport terminal, a hearing aid user may want to hear the speech of a
travel companion walking next to her/him but must also hear the announcements
coming from behind.

All the above complicates a “one-size fits all” directionality, even with automatic
adaptive directional microphone systems. Understanding an individual’s use case
scenarios can help inform the hearing aid fitting. While automatically activated
adaptive directionality may be beneficial for everyday use, situations in which a fixed
directional or omnidirectional mode in a hearing aid program may be beneficial
may also occur. An omnidirectional program could be useful for a teacher monitor-
ing a crowded lunchroom or a jogger who wants to be aware of their environments
and traffic while jogging on a city sidewalk. Modern hearing aids allow for multiple
programs, so it can be that multiple programs are set up for each hearing aid user to
meet their needs, which they can then cycle through as needed.

Understanding each hearing aid user’s needs is critical to ensuring that the hearing
aids are programmed to provide optimal benefit in all of the user’s daily environ-
ments. Additionally, it is important to provide education through counseling so that
each hearing aid user knows when and how to implement program changes in their
hearing aids, as well as when and how to make changes to their environments to
achieve maximum directional benefit [45].

Hearing aid users must also encounter enough situations where directionality is
potentially beneficial to benefit from directionality.

6.2.5 Disadvantages

Disadvantages previously discussed include reduced amplification of off-axis
sounds, and reduction in the low frequencies. In environments where the signal
of interest is off axis, the listener may be required to turn their head towards the
signal of interest. Compensation of low-frequency loss by gain, implementation of
band-split directionality, and open fitting in which no low or minimal frequency
gain is applied are methods of overcoming the inherent reduction in low frequencies
observed in directional microphone systems.

In addition to the above, directional microphone systems can also reduce left/right
localization ability and be more susceptible to wind noise [2]. Reduced localization is
most prevalent in a bilateral pair of hearing aids that do not coordinate gain settings
between the ears. Modern hearing aids that synchronize both ears do not experience
such reduction in localization, as they help maintain the interaural differences impor-
tant for localization [2]. Furthermore, complex multiband directionality schemes can
help preserve localization and provide directionality such as in band-split directional-
ity. One example includes a hearing aid that provides omnidirectionality below an
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adjustable low-frequency cut-off, a monaural hyper-cardioid directionality in each
hearing aid above 5000 Hz, and four-microphone array beamformer mode between
the low-frequency cut-off and 5000 Hz [45, 57]. This strategy preserves the ITDs,
which are the dominant cue for localization in the low frequencies, and ILDs which
for sounds above 5000 Hz, help maintain high frequency localization. Lastly, the
frequencies used for the beamformer mode are within the frequencies most important
for speech recognition [45].

While all hearing aid microphones are susceptible to wind noise, directional
microphone systems are most impacted. Wind noise occurs when wind pass over the
head or pinna and creates turbulence. The turbulence creates areas of high and low
pressure, which is picked up by the microphones and converted to an audible, ampli-
fied sound [58]. Wind noise is characterized by a loud low- to mid- frequency sound,
depending on the speed of the wind [2, 58]. The turbulence caused by wind is unique
and if the noise is uncorrelated at each microphone in a two-microphone directional
system, it is not canceled out like environmental sound [58]. Instead the uncorrelated
wind noise is added between the two microphones and amplified [58].

BTE and RIE hearing aids, with microphones located on the top of the ear, and
larger ITE hearing aids with microphones not shielded from wind by the pinna, are
especially prone to wind noise; note that these are also the hearing aids most typically
used with directionality. In these hearing aids, wind noise reduction algorithms are
typically used to detect and reduce wind noise. Although the exact implementation
of wind noise varies between hearing aid designers, it generally includes a temporary
reduction of the low-frequency gain [58-61]. Additionally, the hearing aid may switch
to an omnidirectional mode that is less susceptible to wind noise or use a band-split
response to create an omnidirectional pattern in the low frequencies and directional
pattern in the high frequencies [58, 60, 62]. As stressed in the previous section
pertaining to hearing aid user preference, it is important to understand a hearing aid
user’s needs and preference. A hearing aid user who is frequently in a windy environ-
ment (e.g., outside, on a boat, on bicycle, etc.) may require a dedicated program in
which directionality is turned off.

All these factors influencing the potential benefit of directional microphone
systems are summarized in Table 2.

Implementation factors

Physical distance between microphones

Hearing aid style

Hearing aid size

Listening environment factors

Sounds of interest and sounds not of interest (“noise”) needs to be spatially separated

Sounds of interests need to be within the directional beam

Sounds of interest needs to be within 2-3 m of the hearing aid user (critical distance)

Reverberation reduces directional benefit

Candidacy factors

Everybody can benefit but people with more hearing loss are more dependent on directionality

Open hearing aid fittings result in loss of directional benefit in the low frequencies
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Hearing aid user factors

Sound(s) of interest can vary based on listening environment and user intent, on a moment-to-moment basis

Understanding how to use the technology and possibly use multiple modes

Lifestyle e.g., opportunities to experience directional benefit

Disadvantages

Low frequency roll-off

Reduced right-left localization

Increased wind noise

Table 2.
Factors influencing the effectiveness of directional microphone systems.

7. Conclusions

People with SNHL have difficulties hearing in noise. The only hearing aid
technology—in addition to amplification—proven to help hearing aid users hear
better in noise is directionality, and nearly all hearing aid users can benefit from
directionality [2, 17]. Modern enhancements in wireless technology have expanded
the types of microphone arrays from simple two-microphone arrays on single hear-
ing aids to four-microphone arrays in bilaterally-fitted hearing aids. Microphone
arrays play an important role in improving hearing in noise for hearing aid users.
Furthermore, flexibility of adaptive directionality in hearing aids, driven by environ-
mental analysis and classification, in combination with a steering algorithm provides
a customizable experience capable of meeting hearing aid users’ needs to hear in
multiple encountered acoustic environments.
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Chapter 9

Presbycusis: A Coordinated
and Personalized Approach
According to Different Frailty
Phenotypes

Qingwei Ruan, Jian Ruan, Xiuhua Hu, Aiguo Liu
and Zhuowei Yu

Abstract

Age-related hearing loss (ARHL) is the most common sensory impairment. Older
people with ARHL may vary in their profiles and usually manifest heterogeneous
phenotypes, including in combination with presbyastasis, tinnitus, different frailty
phenotypes, and multi-morbidity. Patients with these phenotypes generally have a
decreased intrinsic capacity, high health burden, and poor prognosis, such as disability,
fall, and other adverse events. However, the absence of an evidence-based guidance
leads to a significant limitation of current approaches to ARHL care. Here, we present
a framework for the rapid and in-depth geriatric assessment, and a recommenda-
tion for the coordinated and personalized management of older adults according to
their etiology of hearing loss, imbalance, tinnitus, the status of frailty phenotype,
and multi-morbidity. The main purpose is to recover functional health, reduce
complications, and improve the quality of life for older people with ARHL and frailty
phenotypes.

Keywords: age-related hearing loss, presbyastasis, tinnitus, intrinsic capacity,
frailty phenotype, multi-morbidity

1. Introduction

Age-related hearing loss (ARHL), or presbycusis, is highly prevalent in old age with
the increase in life expectancy. It is estimated that 20-26% of adults aged 45 years and
increasing to 63% in adults older than 70 years, and nearly 80% of people over 85 years
have hearing loss [1-3]. ARHL is characterized by central auditory processing deficit
(CAPD), including temporal processing and frequency resolution, and greater auditory
speech perception challenges, apart from different degrees of peripheral hearing loss
[4], and often associated with presbyastasis, subjective tinnitus or hyperacusis, and
physical, cognitive, and psychological disorders [5-8]. The interaction of aging and
internal and external environment factors results in different pathological alterations
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and heterogeneous clinical phenotypes. Aging causes gradually increasing decline of
multi-system physiological reserve [7]. Some external environmental factors, such as
environmental enrichment, including educational, occupational, or leisure activities,
are beneficial for the improvement of cognitive and auditory reserves, and active physi-
cal exercise for the improvement of multi-system physiological reserves. More envi-
ronmental factors are harmful for health, referred as to stressors, including physical,
physiological, psychosocial, and unhealthy lifestyles [7]. Local audiogenic stressors and
otological diseases can cause auditory reserve decline, the imbalance of auditory system
homeostasis, and hearing loss with tinnitus. Chronic physiological (functional reserve
decline in metabolically active organs, polypharmacy) and psychological stresses (sleep
problems and noise exposure), and unhealthy lifestyles (unhealthy diet, smoking,
physical inactivity) might lead to the allostatic load and maladaptation in different
physiological systems or organs, and multi-morbidities, such as cognitive impairment,
cancer, cardiometabolic and affective disorders. In turn, the comorbidities can cause
secondary hearing loss, presbyastasis, and tinnitus.

The age-related decline of functional reserve in multiple physiological systems, and
following vulnerability increase of the body to minor stressor exposures, might cause
the imbalance of homeostasis, allostatic load, and multi-system dysregulation. This
condition is defined as frailty that could increase susceptibility to the occurrence of
adverse consequences, such as disability, falls, dependence, and death risk [9]. Frailty
could be classified into physical [9], cognitive [10], social [11], psychological [12],
psychosocial [13], and nutritional [14] frailty phenotypes. Physical frailty rises with
age and the prevalence greatly varies because of lack of standardization of concepts
or measures. The prevalence of physical frailty is 8-15% in community-dwelling older
people and is higher in women than in men [15, 16]. Our community population study
(aged 60 years or older) indicated that the prevalence of pre-physical and physical
frailty is 35.86 and 4.41% assessed by the FRAIL scale, respectively, and reversible and
potential reversible cognitive frailty is 19.86 and 6.3% [17]. The prevalence of (pre-)
physical frailty in otological outpatient is 25.5%, cognitive frailty is 32.17%, and cogni-
tive impairment is 18.2% (pre-MCI 10% and MCI 8.2%) [18]. Moreover, patients with
physical frailty had a lower risk for severe ARHL, tinnitus, and the presence of ARHL
with tinnitus than those with cognitive frailty or cognitive impairment. Patients with
the reversible cognitive frailty subtype had a lower risk for severe ARHL, tinnitus, and
the presentation of ARHL with tinnitus than those with the potential reversible cogni-
tive frailty subtype. ARHL severity was independently associated with overall cogni-
tion, and domain-specific cognition, including executive function, delayed memory,
and language function [19]. Patients with ARHL, presbyastasis, and tinnitus had a
high risk for cognitive impairment. Physical frailty and ARHL accompanying pres-
byastasis and/or tinnitus had significant impacts on the overall and domain-specific
quality of life [20, 21]. Physical frailty had a stronger and more profound effect on the
quality of life, particularly on independent living and pain in the physical dimension
and happiness and coping in the psychosocial dimension.

Since ARHL is heterogeneous and usually accompanies high prevalent multi-
morbidities, frailty phenotypes, the cooperation among audiologist, otologist, and
geriatrician is required to face the aforementioned challenges. Frailty is a pre-disable
status, and dynamic and potentially reversible. Apart from hearing and balance
rehabilitation, to integrate person-centered geriatric assessment and personalized
intervention into the diagnosis and management of ARHL could achieve healthy
aging and reduce the risk of complications and adverse outcomes, including geriatric
syndrome, functional disability, fall, dependence, and poor quality of life.
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2. Early detection of presbycusis with different frailty phenotypes

There are guidelines for the etiological assessment of bilateral sensorineural
hearing loss and comprehensive audiological management in children [22, 23]; and
for the screening and management of ototoxic hearing loss [24]. There are also some
protocols or proposals for the etiological assessment and management of presbyasta-
sis [8, 21, 25] and tinnitus [26, 27]. Moreover, the United States Preventive Services
Task Force concluded that the evidence is insufficient to assess the balance of benefits
and harms for health outcomes of screening for hearing loss in asymptomatic adults
50 years or older (excluding conductive hearing loss, congenital hearing loss, sudden
hearing loss, or hearing loss caused by recent noise exposure, or those reporting signs
and symptoms of hearing loss) [28]. However, the international guideline for the
screening and management of older adults with ARHL is limited. Notwithstanding,
hearing loss has been considered as a critical component of sensory domain impair-
ment of intrinsic capacity (IC) [29]. World Health Organization (WHO) proposed
the guidance for the person-centered assessment of intrinsic capacity [30] and
for systems and services of integrated care for older people (ICOPE) implementa-
tion framework [31]. For older people, several clinical practice guidelines for the
screening, assessment, and management of frailty had been proposed by different
organizations [32-34]. In order to reorient the disease-centered to function-centered
care model and achieve healthy aging, we propose a coordinated care framework to
optimize the early detection and management of ARHL according to the framework
for integrated care for older people with intrinsic capacity decline and clinical practice
guidelines for the management of frailty.

2.1. Rapid screening for the subject with presbycusis and different phenotypes in
primary care

To capture the major clinical events, including declines in functions, onset of
disability, frailty, and burdensome chronic diseases in older people aged 60 years and
over, a general assessment approach for the subject with ARHL and different frailty
phenotypes contains two steps outlined in Figure 1. The recommended step 1 is the
rapid geriatric assessment, including rapid screening in primary care settings for the
loss in IC and physical frailty phenotypes. Step 2 is the in-depth geriatric assessment
in secondary care settings, including frailty phenotypes and the etiology of hearing
loss, presbyastasis, and tinnitus.

For the beginning, the ICOPE step one is used to screen for loss of domain-specific
IC (i.e., locomotion, cognition, vitality/nutrition, and psychological and sensorial
capacities) by using a screening test (Table 1) [33, 35]. The screening test can be
delivered by primary providers or by patient self-assessment using either a mobile
application for a smartphone or an Internet conversational robot. The IC domains
were monitored by a primary provider or nurse each 4 months [36].

About sensorial capacity domain, we proposed a preliminary presbyastasis and
tinnitus screening also should be performed during hearing loss screening, since pres-
byastasis and tinnitus are the most related symptoms in older adults with hearing loss.
Presbyastasis, or age-related degeneration of peripheral as well as the central part of
the vestibular system, refers to dizziness and/or ataxia with apparent localizing signs
and is typically attributed to the aging process [25, 37]. The clinical differentiation
of presbyastasis from symptoms related to specific diseases or risk factors is required
based on medical history. These diseases include specific or unilateral vestibular

153



Updates on Hearing Loss and Its Rehabilitation

Old people aged 60 years and over

Screening clinical domains of IC

Low levels at least one IC domain Normal IC levels

lRapid screening frailty phenotypes

Physical frailty Cognitive frailty Psychosocial frailty Nutrional frailty
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Figure 1.
An approach to rapid screening and in-depth assessment of ARHL with presbyastasis, tinnitus, frailty phenotypes,
and multi-morbidity.

Intrinsic capacity domains Recommended screening tests

Cognitive decline 1. Remember three words: for example: flower, door, rice

2. Orientation in time and space, what is the full date today? Where are
you now (home, clinic, etc.)

3. Recalls the three words

Limited mobility 1. Chair rise test, Rise from chair five times without using arms

2. Did the person complete five chair rises within 14 seconds?

Malnutrition (vitality 1. Weight loss: Have you unintentionally lost more than 3 kg over the last
impairment) 3 months?

2. Appetite loss: Have you experienced loss of appetite?

Depressive systems Over the past 2 weeks, have you been bothered by: feeling down, depressed or
(impairment in hopeless: little interest or pleasure in doing things.

psychological domain)

Visual impairment (sensory 1. Do you have any problems you are your eyes: difficulties in seeing
impairment) far, reading, eye diseases or currently under medical treatment (e.g.,

diabetes, high blood pressure)?

Hearing loss (sensory 1. Hears whispers (whisper test) or screening audiometry result is 35 dB
impairment) or less or passes automated app-based digits-in-noise test
Table1.

The rapid screening for the loss in intrinsic capacity [33, 35].

diseases, such as Meniere’s disease, visional impairment from various etiologies,
muscle weakness, neurological lesions, diabetes-related neuropathy, cognitive
impairment, arthritis, narrowing of the lumbar vertebral canal, and lumbago-sciatica
[21, 25, 38]. The risk factors include polypharmacy, especially drugs for hypertension
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(e.g., diuretics), anxiety, or depression, excessive consumption of alcohol, and
extrinsic environmental factors, such as stairs and other indoor obstacles [25]. ARHL
and noise exposure are the most common causes of non-pulsatile tinnitus (subjec-
tive tinnitus) [5, 6]. Other etiologically differential diagnosis of tinnitus symptoms
includes pulsatile or objective (pulsatile synchronous or vascular and asynchronous or
mechanical) tinnitus, and more common subjective tinnitus accompanying unilateral
or bilateral hearing loss [26, 27]. The screening also includes tinnitus-related systemic
morbidities, such as cardiometabolic diseases, mental health disorders, neurological
diseases (e.g., multiple sclerosis and head injury), tinnitus-related otological diseases,
such as Meniere’s disease, middle ear infection, noise exposure, and tinnitus-related
polypharmacy, such as diuretics for hypertension therapy [39], aspirin [40, 41],

and other ototoxic medications [24]. Visual analog scales and questionnaires (e.g.,
Tinnitus handicap inventory and Tinnitus functional index) usually are used to assess
tinnitus annoyance, distress, and severity [42].

Once IC decline was confirmed, individuals would have rapid physical frailty
screening [33]. Although there are more than a dozen rapid frailty screening
instruments, the FRAIL Scale is widely validated, simple, and rapid tool for the
screening of physical frailty phenotype [32-34]. The FRAIL scale is a simple
five-item questionnaire: Fatigue: Are you fatigued? Resistance: Cannot walk up
one flight of stairs? Aerobic: Cannot walk one block? Illnesses: Do you have more
than five illnesses? Loss of weight: Have you lost more than 5% of your weight in
the last 6 months? Pre-physical frailty is defined as scoring 1 or 2; physical frailty is
defined as scoring 3 or greater.

After IC and physical frailty screening, individuals were classified into with
(pre-) physical frailty and without frailty. Among these with (pre-) physical frailty,
individuals further were classified into psychological, nutritional, cognitive, and
mixed frailty phenotypes according to the decline of domain-specific IC. The mixed
frailty phenotype means accompanying a decline in two or more than two domains of
IC. Individuals with cognitive frailty could be classified into reversible and potential
reversible cognitive frailty [10, 17] using the rapid cognitive screening (RCS) tool
[43] in combination with a pre-mild cognitive impairment (pre-MCI) questionnaire
with two items [17]. The scores for dementia and MCI were <5 and 6-7, respectively.
Individual with a score of 8-10 was considered to have pre-MCI when had a positive
response to pre-MCI questionnaire. Individuals with (pre-) physical frailty and pre-
MCI or MCI were defined as reversible or potentially reversible cognitive frailty.

Individuals without (pre-) physical frailty but with domain-specific decline
of IC were referred to as psychological, cognitive, and sensory diseases, and other
multi-morbidities (less than five chronic illnesses in the FRAIL questionnaire). These
without domain-specific decline of IC and chronic diseases were considered as robust
individuals. Thus, older people were classified into individuals having ARHL with
different frailty phenotypes and multi-morbidity, individuals having ARHL with
multi-morbidities (especially cardiometabolic morbidity), these with different frailty
phenotypes, and robust individuals.

2.2. In-depth Assessment for the subject with presbycusis and different
phenotypes in secondary care

Although rapid screening instruments for frailty phenotypes are sensitive,
these tools often display low specificity [44]. In order to timely identify the causes
of ARHL and tinnitus, individuals with ARHL and different frailty phenotypes by
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rapid geriatric assessment require referral to secondary care for in-depth IC-centered
geriatric evaluation and frailty phenotype assessment by audiologist/geriatrician.
The ICOPE care plan provides preliminary recommendations for in-depth geriatric
assessment for the loss of IC [35].

Since individuals with ARHL usually accompany CAPD, presbyastasis, and
subjective tinnitus, we proposed additional tests for the in-depth assessment of
ARHL. For peripheral ARHL in-depth assessment, the results of audiometry should
include pure-tone threshold average of the frequencies 0.5, 1.0, and 2.0 kHz (speech-
frequency pure-tone average) and 4.0, 6.0, and 8.0 kHz (high-frequency pure-tone
average). The word recognition (discrimination) scoring was determined by using
the percentage of recognition of a list of monosyllabic phonetically balanced words
at 30-40 dB above the PTA threshold for each ear. A score greater than 70% was
considered normal to understand speech in a quiet environment [45, 46]. According
to the WHO definition of disabling ARHL, peripheral ARHL was defined asa PTA
threshold greater than 40 dB hearing level in the better ear [47].

For CAPD in-depth assessment, the eligible subject criteria for the central audi-
tory tests include normal tympanogram, presenting ipsilateral acoustic reflexes, no
history of ear surgery to exclude possible middle ear disease in the past or present, no
history of hearing loss since childhood, and less than 21 dB difference among pure-
tone averages (PTA) for 0.5, 1.0, and 2.0 kHz for the two ears to exclude otologic dis-
orders (e.g., congenital or unilateral sudden deafness, tumor, or infection) other than
aging [45, 46]. Moreover, individuals have no disabling peripheral ARHL (i.e., PTA
threshold below 40 dB hearing level in the better ear, word recognition score at 30 dB
over PTA threshold over 70%) [45, 46]. The test used to diagnose age-related CAPD
includes the Synthetic Sentence Identification With Ipsilateral Competitive Message
(SSI-ICM), Staggered Spondaic Word test, and other tests [48]. The SSI-ICM test
consists of administering for each ear a primary signal of 10 short sentences against a
background competition signal. The short sentences are presented at 50 dB over the
PTA for each ear. The rate of identification of sentences is expressed as a percentage
(0-100%) at various primary-competitive ratios (0, +5, +10 dB sound pressure level).
Age-related CAPD was considered present when the patient scored less than 50% in
the better ear with a 0-dB message-competition ratio [45, 46, 48].

Apart from medical history, the in-depth assessment for individuals with presby-
astasis includes gait and stance assessment, such as “time up-and-go” test, standing
on one leg, to differentiate dizziness from ataxia [25]. Hearing assessment, other
accurate otoneurological evaluation, including Romberg, Unterberger, head-shaking,
and Halmagyi tests, the Dix-Hallpike maneuver, and dynamic posturography;
vestibular function assessment tests, such as rotational and caloric tests, videonystag-
mography or electronystagmography examination, and otolith function assessment
usually were used to differentiate presbyastasis from disease-specific imbalance.

[8, 25]. The video head impulse test was recently verified to be an effective test for
the differentiation presbyastasis from Meniere’s disease [38] and the prediction of
fall risk in elderly patients [21]. Computed tomography imaging, MRI scanning, and
ultrasonography are important auxiliary examinations.

The in-depth assessment for referring people with tinnitus includes tinnitus with
acute conditions, such as a crisis of mental health, significant neurological systems
or signs, uncontrolled vestibular symptoms, suspected stroke [49], tinnitus disorder
(associated with emotional distress, cognitive dysfunction, and/or autonomic arousal,
leading to behavioral changes, and functional disability) [50], tinnitus with sudden
hearing loss, objective tinnitus, and tinnitus with unilateral or asymmetric hearing
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loss [26, 27, 49]. The differential diagnosis of tinnitus symptoms could be conducted
by in-depth assessment, including audiological testing, psychoacoustic tests (pitch,
loudness, and matching), and imaging. Idiopathic intracranial hypertension, glomus
tumors, and atherosclerosis of the carotid arteries are frequent causes of pulse syn-
chronous tinnitus [51]. Eustachian tube contraction and middle ear muscle myoclonus
might cause pulse asynchronous tinnitus [27]. Unilateral tinnitus, but normal otoscopy
and positive neurologic signs might be caused by cerebellopontine angle tumor, brain-
stem infarction, and multiple sclerosis; and by noise exposure; and these with negative
neurologic signs might be Meniere’s disease, semicircular canal dehiscence. Apart from
ARHL and noise exposure, bilateral hearing loss and normal otoscopy findings might
also be caused by acoustic trauma, otosclerosis, and ototoxic medication [26, 27].

To improve the specificity of (pre-) physical frailty, a cardiovascular health study
frailty screening scale with more objective parameters (weight loss, exhaustion, low
activity, slowness, and weakness) is used as an in-depth assessment instrument [9].
Individuals with a score of 1 or 2 is diagnosed as pre-physical frailty; and with a score
of 3 or greater is diagnosed as physical frailty. Individuals, with (pre-) physical frailty
simultaneously presenting impairment in the cognitive domain of IC, are classified
as cognitive frailty. Cognitive performance could be thoroughly assessed by using
demographically corrected normative z scores on the Neuropsychological Test Battery
[52-54]. Reversible and potentially reversible cognitive frailty subtypes could be
diagnosed according to the severity of cognitive impairment, including pre-MCI and
MCI [18]. Social and psychological domains of IC are assessed by using the 21-item
Social Dysfunction Rating Scale [55] and the 15-item short form of the Geriatric
Depression Scale [56], respectively. Individuals with (pre-) physical frailty simultane-
ously presenting social or psychological dysfunction are classified as social or psy-
chological frailty phenotype. Nutritional frailty phenotype could be diagnosed when
individuals simultaneously present (pre-) physical frailty and nutritional imbalance
[14]. Malnutrition also could be identified using a Mini nutritional assessment or
malnutrition universal screening tool [35]. These in-depth geriatric assessments may
uncover unrecognized problems following the rapid geriatric screening and provides
the possibility for multi-disciplinary specialists to design and implement function-
centered and personalized interventions, which can promote patient healthy aging.

3. The management of presbycusis with different frailty phenotypes

Multi-modality intervention is required for these ARHL with frailty phenotypes
and/or multi-morbidity. An integrated and person-centered approach to the manage-
ment of ARHL with frailty phenotypes and multi-morbidity is shown in Table 2.

3.1. Non-invasive treatment of ARHL with different frailty phenotypes

The integrated and person-centered management includes ARHL, presbyastasis,
tinnitus, frailty phenotypes, and multi-morbidity. The primary management is to
improve unfavorable lifestyles, including smoking, alcohol consumption, physi-
cal inactivity, improper nutrition, and poor social, economical, and environmental
conditions, and reduction of polypharmacy, including the number and the dosage, and
these increase the risk for presbyastasis, delirium, cardiovascular disease, kidney, and
ototoxicity. The non-invasive intervention for ARHL is to prescribe a hearing aid, which
could significantly slow short- and long-term cognitive decline [57]. The management
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Hearing loss Presbyastasis Tinnitus Frailty Multi-morbidity
phenotypes
Stop noise and ototoxic Identify risk Exclude Multi-component ~ Proactive
medication exposure factors and polypharmacy- physical activity personalized
exclude potential  related subjective programs assessment and
curable causes tinnitus (resistance and care plan
aerobic exercise,
balance, or
coordination
training) to
reverse or slow
the progression
of (pre-)physical
frailty
Prescribe hearing aid Vestibular Optimal Adequate protein, Optimizing the
and balance pre-operative energy, and management of
rehabilitation risk and toxicity micronutrient multi-morbidity
assessment of supplementation
invasive therapies to these with
and thorough malnutrition
monitoring during
the treatment
period to these
with tinnitus of
definite cause
Optimal pre-operativerisk ~ Drug treatment Subjective tinnitus ~ Optimizing Reduction of
assessment and thorough (e.g., betahistine)  intervention: environment and polypharmacy
monitoring during the to increase amplification, the improvement
treatment period to these cerebral blood sound, and of health behavior
considering cochlear flow; Other neuromodulation
implant for severe-to- vasodilator and
profound sensorineural antivertiginous
hearing loss with poor drugs
word recognization
Optimal pre-operativerisk  Fall prevention, Cognitive Optimizing Reduction
and toxicity assessmentof  including behavioral or psychosocial of treatment
other invasive therapies regular physical comprehensive resources to these burden, adverse
and thorough monitoring ~ and intellectual therapy to these with low mood event, and
during the treatment activities, with tinnitus and affective uncoordinated
period to these with nutritional disorder problems care
hearing loss of definite supplement
cause
Cognitive
behavior training
to these with
cognitive decline
Table 2.

The coordinated and personalized management of hearing loss with frailty phenotypes and multi-morbidity.

of presbyastasis includes the identification of risk factors and potentially curable causes,
vestibular and balance rehabilitation, and drug treatment, such as H1-receptor agonist
and H3-receptor anti-agonist (e.g., betahistine) and Other vasodilator and antivertigi-
nous drugs, and fall prevention, including regular physical and intellectual activities
with gradually increasing difficulty and nutritional supplement [25, 37]. Amplification
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by hearing aids acting as a masker by introducing more ambient noise also is used to
relieve subjective tinnitus symptoms in some patients. Other non-invasive subjective
tinnitus interventions include sound therapy, psychological therapies, neuromodula-
tion, and combined therapy of these interventions [26, 27, 49, 58]. Psychological
therapies, such as cognitive behavioral therapy, have been shown to improve quality
of life and decrease depression for these with persistent and bothersome tinnitus, or
tinnitus disorder [24, 59].

The interventions recommended by different international organizations to
reverse or slow the progression of frailty include multi-component physical activity
programs, adequate nutrition supplementation, and cognitive behavior training to
improve physiological, psychological, and cognitive reserves [31-34, 60]. The decline
of physiological, psychological, and cognitive reserves also causes multi-morbidity,
and the complex overlap of frailty and morbidity, physical and mental health dis-
orders, and frailty and polypharmacy [61]. The management of multi-morbidity
includes a proactive personalized assessment and care plan, which improves the qual-
ity of life by reducing treatment burden, adverse events, and unplanned or uncoor-
dinated care [61]. Recently, the holistic and patient-centered hearing healthcare had
been proposed, including the integrated management of hearing loss with diabetes,
dementia, and other comorbidities [62].

3.2. Invasive treatment in ARHL with different frailty phenotypes

Invasive treatment includes surgery, radiotherapy, chemotherapy, and multi-modal
therapy. Individuals with ARHL and different frailty phenotypes may need a cochlear
implant due to severe-to-profound sensorineural hearing loss with poor word recogni-
tion. Geriatric patients with dizziness-related specific diseases, or objective tinnitus-
related diseases, such as idiopathic intracranial hypertension, vascular tumors, and these
with subjective tinnitus-related diseases, including Meniere’s disease, cholesteatoma,
and otosclerosis, require complex surgery, and tinnitus-related Cerebellopontine angle
tumor, acoustic neuroma, and skull base tumors require multi-modal therapy. Compared
with younger patients, older people have higher surgery risk and radio- and chemother-
apy toxicity. The prevalence of physical frailty in geriatric patients for elective surgery
is over 10%, and individuals with physical frailty have more than two times higher risk
of postoperative complications [63]. The frequent postoperative complications include
death, delirium, extending stay in hospital, falls, functional deterioration, and poorer
quality of life, apart from complications resulting from existing diseases such as acute
coronary syndromes, stroke, thromboembolism, pneumonia, or other infections.
Multi-morbidity and functional limitations are also indicated to be the main predictors
of adverse prognosis and poorer tolerance of multi-modality therapy in geriatric patients
with head and neck cancer [64]. However, direct evidence of adverse prognosis of the
above treatments for ARHL and tinnitus with frailty phenotypes is absent. Cochlear
implantation had been validated to slow cognitive decline and the progression of
dementia [57, 65]. A previous study indicated that cochlear implant for older patients
with frailty does not cause additional complications from existing diseases [66].

To balance the risk and benefit, the cooperation between an otolaryngologist and a
geriatrician had been recommended to identify these high-risk patients and optimize
the treatment with special surveillance during the treatment period [67]. A guideline
for pre-operative assessment of geriatric patients had been proposed that compre-
hensive geriatric assessment, such as physical and mental health, daily and social
function, frailty, and poly-pharmacotherapy, should be implemented during the
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diagnostic and therapeutic, and post-operative process [68]. The guideline is similar
to our in-depth assessment of IC and frailty phenotypes. Identification of deficits in
IC and frailty phenotype, and multi-morbidity in pre-operative assessment not only
are used to make surgical decisions, and choose anesthesia techniques, peri-operative
care, and nursing plans to minimize complications, but also allow for the patient’s
pre-operative preparation through nutritional support, functional improvement, and
rehabilitation, and excluding surgical contraindications.

4. To prevent secondary presbycusis in subjects with different frailty
phenotypes

Individuals with frailty phenotypes, or more complex overlap of frailty, multi-
morbidity, and polypharmacy, usually showed an imbalance of homeostasis to
additional minor stressors. The long-term allostatic load results in dysfunction in the
neuroendocrine-immune system and metabolism (Figure 2). The maladaptation of
these regulation systems results in the decline of stress-responsive capacity of the HPA
axis and autonomic nervous system, chronic systemic inflammation, and over mobi-
lization of energy metabolism. All these systemic alterations might cause secondary
ARHL, tinnitus, and other widespread functional impairment or health deficits [7].

To improve IC capacity and decrease stress exposure are the basic principles for
the management of these individuals. Multi-component physical activity programs,
nutrition supplementation, and environmental enrichment can enhance the physical,
cognitive [69], and auditory reserves [70]. The management of multi-morbidity and
polypharmacy, optimal home, and psychosocial environment could slow the progress
from frailty to disability, including secondary ARHL [32-34, 60].

Frailty phenotypes and/or multi-morbidity

Homeostasis imbalance (allostatic load)

l Maladaption

Dysfunction in neuroendocrine-immune system and metabolism

|

Chronic systemic Abnormal stress Overmobilization of
inflammation response energy metabolism
Autonomic | .
neurous system HPA axis

v
Secondany ARHL with preshyastasis and/or tinnitus

Figure 2.
The secondary ARHL with presbyastasis and/ov tinnitus in subjects with frailty phenotypes and multi-morbidity.
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5. Challenges of the detection and management of presbycusis with
different frailty phenotypes

There are several critical challenges to optimize the diagnosis and management
of presbycusis with different frailty phenotypes. One of the main challenges is frailty
construct and screening instruments for clinical practice. Two well-validated and the
most widely used models in clinical practice are variations of the frailty phenotype
or frailty indexes based on the deficit accumulation approach [9]. However, most
instruments lack extensive validation. Simple, rapid instruments for the assessment
of frailty phenotypes based on physical frailty seem to meet the clinical translation
demands. The evidence for frailty phenotypes, such as social frailty, nutritional
frailty, and cognitive frailty, and subtypes, such as reversible and potential reversible
cognitive frailty, is still limited.

Another main challenge is two parallel constructs with the same mission for healthy
aging: IC and multi-morbidity. IC is endorsed by WHO but still lacks an operational
definition, especially in the vitality domain [71]. Since many instruments are com-
monly used to diagnose frailty phenotypes and IC, it is necessary to integrate the
two constructs and reduce confusion in clinical practice. Although frailty and multi-
morbidity are different concepts, more than 16% of people have multi-morbidity with
frailty and about three-quarters of people have frailty with multi-morbidity [72], it is
difficult to separate different frailty phenotypes from comorbidities, such as cognitive
frailty vs. cognitive impairment, and psychological frailty vs. psychological diseases.

There are similar challenges to differentiate peripheral from central ARHL, and
tinnitus disorder from tinnitus with frailty phenotypes and multi-morbidity, especially
with cognitive frailty or impairment, and psychological frailty or disorders. Therefore,
further research is imperative to provide a more evidence-based proposal to improve
the coordinated and personalized care to these with complex geriatric conditions.

6. Conclusions

The bidirectional association between ARHL and frailty phenotypes and multi-
morbidity supports coordinated and personalized care for older people with ARHL
and different frailty phenotypes. We proposed the rapid screening, in-depth assess-
ment of IC, and frailty phenotypes as part of routine ARHL management. Albeit
based predominantly on consensus and recommendation, we hope coordinated and
personalized treatment strategies could be employed to reduce the complication and
improve health and quality of life.
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Chapter 10

Mental Health Problems
and Psychological Support for
People with Hearing Loss

Noriko Katsuya and Tomoko Sano

Abstract

Hearing loss and mental health issues are very closely correlated. Hearing loss
has a significant impact on daily communication and makes smooth communication
difficult. For example, people with hearing loss have difficulty disclosing that they
have a hearing loss and avoid communication. Because of these problems, people with
hearing loss are also likely to experience difficulties in establishing and maintain-
ing close interpersonal relationships. The difficulties in coping with interpersonal
stress due to hearing loss, prejudice, and stigma against people with hearing loss may
also have a significant impact on the occurrence of mental health problems such as
depression, anxiety, and loneliness. Therefore, psychological support is a very neces-
sary part of the mental health of people with hearing loss. This chapter discusses the
relationship between hearing loss and mental health, practices and empirical studies
of psychological support for people with hearing loss in Japan and future issues neces-
sary to provide psychological support for people with hearing loss.

Keywords: mental health, psychological support, hearing loss, prejudice,
communication

1. Introduction

Hearing loss and mental health issues are very closely related. Hearing loss has a
significant impact on daily communication, making smooth communication difficult.
For example, to take the first author’s own example, the author also has hearing loss
due to a rare disease called Auditory Neuropathy (AN) [1, 2]. The disease is character-
ized by bilateral low tone type deficits in pure tone audiometry, with a maximum
intelligibility of less than 50% in pure tone audiometry, while the otoacoustic emis-
sion (DPOAE) is a normal response. Also, Auditory brainstem response (ABR) is
unresponsive or abnormal. In daily life, the author has difficulty hearing low sounds
and listening to speech but can converse normally in a quiet room. On the other hand,
when there is noise, such as in a café, I instantly have difficulty hearing. This makes
it difficult for me to fully participate in formal conversations, such as meetings at
work, as well as informal conversations, such as chit-chat. As a result, the content of
discussions is only partially understood. These experiences of daily life accumulate
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into minor stresses. These stressful experiences are difficult for people with normal
hearing to imagine and understand [3].

This chapter discusses the relationship between hearing loss and mental health.
First, we discuss the varying definitions of hearing impairment as an introduction,
followed by a discussion of the mental health effects of hearing loss. Then, factors
related to the mental health of persons with hearing loss will be discussed, including
difficulty coping with interpersonal stress, prejudice against persons with hear-
ing loss, and stigma against persons with hearing loss. These are thought to have a
significant impact on the occurrence of mental health problems such as depression,
anxiety, and loneliness. In addition, the practice and empirical research of psycho-
logical support for persons with hearing loss will be discussed, as well as future issues
that need to be addressed in order to provide psychological support to persons with
hearing loss. We argue that psychological support for people with hearing loss is very
necessary to maintain the mental health of people with hearing loss.

2. Definitions of “deaf and hard of hearing”

Definitions of the term “deaf and hard of hearing” are diverse. First, there is the
medical definition. Medical definitions of hearing impairment are based on hearing
threshold, disease, and severity. Second, As for legal definitions, in Japan, there are
laws related to disability such as Physically Disabled Persons Welfare Act. In Japan,
the criteria to be legally recognized as hearing impaired are currently very strict. In
Japan, it is necessary to obtain a physical disability certificate in order to be legally
recognized as hearing impaired. Even the lowest grade, Level 6, has “Those with
a hearing level of 70 dB or more in both ears, or those with a hearing level of 90
dB or more in one ear and 50 dB or more in the other ear.” [4] (Ministry of Health,

Legally disabled Legally non-disabled
A A
( Y A

———\
Person with

acquired
hearing loss

\ J

d R

‘ Deaf \ People with || Person with |:
hearing hard of

people Impairments || hearing )

—
Person with

Person with

APD/LID

Presence/absence of medical hearing
problems

unilateral
\ A _hearing loss )
Y Y
Not utilizing hearing Utilizing hearing

Figure 1.
Definitions of “deaf and hard of hearing”.
Note. APD: Auditory Processing Disorder, LiD: Listening Difficulties.
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Labor and Welfare website). This is quite a gap from the table of stages of hearing
impairment and hearing thresholds in the WHO’s World Report on Hearing [5]. Asa
result, there are people with hearing loss in Japan who cannot obtain a physical dis-
ability certificate and do not receive welfare support, even though they have difficulty
hearing in daily life and experience considerable difficulties in their lives.

Third, there is the sociocultural definition. This definition is related to whether
the first language is sign language or spoken language, whether or not they use
their hearing, and how they define themselves in terms of their level of hearing.
Based on the sociocultural definition, there are two types of people: Deaf people
who use sign language and do not use their hearing, and hard-of-hearing people
who use speech and use their hearing. The hard-of-hearing can be further divided
into different groups according to the type of hearing loss and the time of onset
of hearing loss, such as those with partial hearing loss and those with unilateral
hearing loss (Figure1).

3. Hearing loss and mental health

Hearing loss makes it difficult to hear speech and environmental sounds, which
affects interpersonal relationships, communication, work, safety, hobbies, and many
other areas [6]. According to Manchaiah and Stephens [6], hearing loss negatively or
positively impacts daily life, but the negative impact is more common than the posi-
tive impact. Mental health-related effects noted include increased communication
difficulties, decreased interpersonal relationships, and avoidance and withdrawal
from social situations.

Hearing loss has been shown to be associated with overall mental health. A study
Kobayashi’s study [7] using data from the Ministry of Health, Labour and Welfare’s
“2007 National Survey of People’s Lives” for those aged 20-39 found that the group
with hard of hearing who reported hearing difficulty had worse mental health. In
a study of adult hard-of-hearing people [8], the degree of mental health was lower
for those with hearing loss than for those with normal hearing, but the stage of the
physical disability certificate was not associated with mental health. Interestingly, in
a study that examined deaf and hard-of-hearing students [9], the degree of mental
health was higher for deaf students than for hard-of-hearing students. In other
words, the more severe the degree of hearing loss, the worse the mental health was
not necessarily. The findings suggest that other factors associated with hearing loss
play a greater role in the mental health of people with hearing loss than the degree of
hearing loss itself.

Next, as for other measures of mental health, various measures of depression,
self-esteem, anxiety, loneliness, and general well-being have been examined for their
relationship to hearing loss. The results show that hearing loss is also associated with
these mental health indicators.

As for depression, adults with hearing loss have higher depression than persons
without hearing loss, but there is no difference in depression between those with
and without a physical disability certificate [10], older persons with hearing loss are
associated with depression [11], and meta-analysis also associated hearing loss with
depression [12].

It has also been shown to be associated with anxiety and stress in older people
with hearing loss [11]. In addition, hearing loss has also been associated with higher
loneliness [13] and anger [14] and is associated with various mental health factors.
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In addition, tinnitus associated with hearing loss was also associated with depression
and anxiety in a large study of a general adult sample [15]. Thus, both general and
specific associations have been found between hearing loss and mental health.

As for the association with other psychiatric disorders, in a cohort study using a
Korean nationwide representative sample [16], patients with sudden sensorineural
hearing loss had a higher risk of affective disorders, specifically depression and
anxiety disorder but not bipolar disorders. Hearing loss has been shown to be
associated with mood disorders, but the degree of association is thought to vary
by type of mood disorder. With regard to the association between hearing loss
and developmental disabilities, some studies have examined the association with
Attention Deficit Hyperactivity Disorder (ADHD). According to Solemani et al.
[17], who examined the incidence of ADHD in children with hearing loss and
children with normal hearing, the authors found a high prevalence of ADHD in
children with hearing loss compared with normal hearing peers.

On the other hand, a study of deaf and severely hard-of-hearing patients [18]
found higher rates of impulse control disorder, ADHD, and pervasive developmental
disorder but lower rates of anxiety disorder, bipolar disorder, and substance abuse
disorder compared to hearing patients. Although these results indicate an association
between hearing loss and psychiatric disorders, it is possible that the prevalence of
various psychiatric disorders may differ depending on the degree of hearing loss.
The next section provides an overview of the factors involved in the mental health of
persons with hearing loss.

4. Factors related to the mental health of people with hearing loss

The mental health of people with hearing loss is considered to be influenced in
a multilayered manner by individual and social factors. In other words, it can be
divided into factors related to the individual person with hearing loss and factors
related to the society surrounding the person with hearing loss [3]. Social factors
include the number and type of consultation institutions, accessibility, opportuni-
ties for contact with people with hearing loss and deafness, and social capital, as
well as prejudice and stigma against people with hearing loss [3]. On the other
hand, issues faced by people with hearing loss include the type and degree of
hearing loss, hearing loss-specific stress experiences, stress coping strategies [3,
19], and stigma awareness [20, 21]. This section provides an overview of factors
associated with the mental health of people with hearing loss and presents the
authors’ research examining stress specific to hearing loss, as well as prejudice and
stigma consciousness.

4.1 Communication difficulties

The first factor that should be mentioned as a factor related to the mental
health of people with hearing loss is the difficulty in communication due to hear-
ing loss [22]. Hearing loss makes communication difficult because of the difficulty
in hearing speech. As a result, it has a wide-ranging impact on relationships with
close and important others, such as spouses and family members. Many effects
of communication difficulties have been identified, including decreased social
interactions, negative effects on mood, and dissatisfaction [23]. Communication
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difficulties also affect stress coping strategies. For example, avoidance-focused
coping behavior, such as avoiding participating in conversations, is indicated to
lead to depression [24].

4.2 Quality of life (QOL)

The next factor related to the mental health of persons with hearing loss is quality
of life (QOL). Poor quality of life is associated with the degree of hearing loss [22].
Hearing loss affects almost every aspect of daily life, for example, forcing people to
sacrifice social and leisure activities they feel they can no longer do or enjoy [23]. In
addition, while there is no significant relationship between measured objective hear-
ing loss and quality of life, activity and participation limitations due to hearing loss in
daily life were significantly related to quality of life [25]. Low quality of life is thought
to lower life satisfaction and affect mental health.

4.3 Stresses specific to hearing loss

The communication difficulties described above are one of the most common
stress events experienced by people with hearing loss. Another stressful event is
the low quality of life that results from the inability to fully participate in social and
leisure activities due to hearing loss. These hearing loss-specific stress events experi-
enced by people with hearing loss because of their hearing loss are also related to the
mental health of people with hearing loss.

Katsuya investigated the stress experienced by people with hearing loss in Japan
[10]. The results of a survey of 453 people with hearing loss showed that respondents
with physical disability certificate due to hearing impairment had a higher number of
items that they “experienced” than those without (Table 1).

Thus, stress events specific to hearing loss were shown to be commonly expe-
rienced by people with hearing loss in their daily lives. Although each individual

Item Experience rate
It was difficult to hear (or not hear) someone with a low voice or who spoke too fast. 95.50
I had difficulty hearing the sound on TV or radio. 9448
Had difficulty hearing (or could not hear) someone speaking from a distance. 93.05
Had difficulty hearing (or could not hear) broadcasts at train stations or inside 92.97
buildings (department stores, event venues, etc.)

It was difficult to hear a person wearing a mask. 92.95
It was difficult to understand (or could not hear) broadcasts in trains, busses, and other 92.79
vehicles.

I had difficulty understanding (or could not understand) the sound through a 92.78
microphone or speakers.

I had difficulty hearing conversations in places where the surroundings were not quiet. 92.74
I had difficulty hearing (or did not understand) conversations at the reception desk, 9212

ticket counter, or cash register.

Table 1.
Stress events experienced by a high percentage of people with hearing loss [10].
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event is considered relatively slight in comparison to suffering a serious illness or
experiencing bereavement, the daily accumulation of these stress events is thought to
exacerbate mental health.

4.4 Prejudice against people with hearing loss and stigma consciousness among
people with hearing loss

Various prejudices against people with hearing loss still persist and can affect their
perceptions, feelings, and behaviors. In Japan, the word “hearing loss” evokes images

<«

such as “sign language,” “hearing aids,” “not being able to understand conversa-
tions,” “not being able to hear music,” “troublesome,” “pitiful,” and “inconvenient”
[26]. Such social images are taken up by people with hearing loss themselves, and
are thought to influence their own perception and behavior. The negative image of
hearing loss may affect the person with hearing loss by negatively influencing their
perception of themselves and making them reluctant to engage in social activities.

In addition, stigma is one of the elements of social image that can cause nega-
tive reactions. The one of important issue of stigma has been pointed out as stigma
consciousness [20], which is the concern that others may view them with stigma. The
authors hypothesized that stigma consciousness might also be involved among people
with hearing loss, so they created a Japanese version of a scale to examine stigma
consciousness among people with hearing loss and investigated its actual status [21].
The Hard of Hearing version of the Stigma Consciousness Scale consists of items such
as “Stereotypes about people with hearing and listening problems do not affect me
personally” (reversal item). The relationship between stigma consciousness among
people with hearing loss, measured by these items, and attitudes toward prejudice
toward people with disabilities was examined.

The results showed that those with higher stigma consciousness were more likely
to consider discrimination and prejudice against people with disabilities and people
of a particular gender in general, and did not considered these discriminations and
prejudices to have improved over the past five years [21]. In the future, the Japanese
version of the Stigma Awareness Scale for People with Hearing Loss that was created
should also be used to examine the effects on mental health.

5. Psychological support for people with hearing loss
5.1 Various forms of support for people with hearing loss

Psychological support for people with hearing loss takes various forms [3]. The
first is support from specialists, that is, doctors, nurses, speech-language pathologists,
licensed psychologists, and social workers. Second, support from nonprofessionals,
that is, family, friends, and community members. Social support from familiar people
is effective in many ways, including predicting satisfaction with hearing aids [27].
Coping behaviors [23] made between people with hearing loss and their partners [23]
have been noted to play a necessary role in acceptance without denial [28] of hearing
loss, participation in social activities, and commitment to the social situation.

Third, there is support from people who have the same hearing loss. Self-help
group activities among people with the same problem of hearing loss are active in
Japan. For example, there are consultation meetings held by associations of people
with hearing loss and deaf people around Japan, workshops to understand the stress
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of hearing loss [19], and activities by voluntary groups of people with hearing loss
and listening difficulties. The psychological and social support provided by these
individuals with hearing loss functions to enable them to give and receive social sup-
port that meets their needs, to broaden their repertoire of coping behaviors for stress
related to hearing loss, and to expand their interpersonal relationships.

In the next section, the authors will introduce a practical activity for people with
hearing loss called “Kikoe Cafe” [29-32].

5.2 “Kikoe Cafe,” a social meeting for people with hard of hearing and listening
difficulties

The authors have been running the “Kikoe Cafe” [29-32], a social meeting for
people with hard of hearing and listening difficulties since 2018 (“Kikoe” means
“hearing” in Japanese). The aim of this group is to “share feelings and wisdom among
people with hearing difficulties”. The meeting is open to anyone with hard of hearing
or listening difficulties, regardless of where they live, the degree or causes of their
hearing loss, their age, or whether or not they have a physical disability certificate.
Also, family members and siblings of persons with hard of hearing or hearing loss
and supporters of persons with hearing loss have participated in the program. To date,
39 sessions have been held at different locations and in different formats (face-to-face
or online). At “Kikoe Cafe,” people with hearing loss do not just meet but also discuss
and dialog with each other on specific themes.

“Kikoe cafe” serve two main functions [32]: First, they serve as a place to obtain
social resources. In Japan, there are large regional differences in the psychological and
social support and medical care systems for people with hearing loss. By sharing the
wisdom, ideas, and information that people with hearing loss living in various regions
have with each other, it will be possible for people with hearing loss to effectively use
social resources that will enhance their quality of life.

The second point is its role as a place where informal communication is possible.
People with hearing loss have difficulty participating in informal communication, such
as chatting during work. This makes it difficult for them to participate in conversa-
tions, and they are likely to feel lonely and alienated. The Kikoe Café uses a real-time
subtitling service to enable participants to follow the conversation, allowing them to
participate in informal communication. The Kikoe Café provides an opportunity for
participants with hearing loss to participate in conversations without being left out.

The authors believe that from these places where people with hearing loss gather,
it could be possible to deliver a “hard-of-hearing” culture of people with hearing loss
who utilize their hearing and devise ways of communication in their daily lives. In
other words, a unique “hard-of-hearing” culture that shares a means of communica-
tion and a way of thinking about communication that is different from both the
culture of normal-hearing people and the Deaf culture [33, 34]. “hard-of-hearing”
culture may be less visible than “Deaf culture” due to the diversity of hearing charac-
teristics, problems that they have, and coping strategies. Therefore, there is a need for
a place to share and publicize the voices of people with hearing loss.

Future issues to be addressed with regard to support for people with hearing loss
are as follows. First, it is necessary for specialists in psychological support and social
work to expand the scope of their activities not only in hospitals that treat diseases
related to hearing loss, such as otolaryngology, but also in local communities, such as
elderly people’s clubs. Second, it is necessary to grasp the actual situation of the sup-
port needed by people with hearing loss and to jointly create the necessary know-how
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and resources for support activities together with people with hearing loss. The
resources necessary for support activities can then be utilized anytime and anywhere,
regardless of where they live. This will serve the function of preventing hearing loss in
an aging society where the number of people with hearing loss is expected to increase.

6. Conclusions

In this chapter, the authors first overviewed perspectives on the definition of
hearing loss. The legal, sociocultural, and medical definitions of hearing loss are quite
diverse. Therefore, people with hearing loss also have different self-perceptions of
how they perceive themselves in terms of their hearing. This self-perception influence
not only communication methods and characteristics of interpersonal relationships
but also the stresses experienced in daily life. These factors could influence the way in
which social factors, which are discussed next, affect them.

Next, the factors related to the mental health of people with hearing loss are
reviewed. These factors include not only the personal factors of the person with hear-
ing loss themselves, but also the social factors surrounding the person with hearing
loss. Therefore, in order to maintain and promote the mental health of persons with
hearing loss, it is necessary to consider these factors and provide multilayered sup-
port, including not only psychological support, but also support for improving the
environment and support for making use of necessary social resources.

Finally, the actual situation of psychological support for people with hearing
loss is reviewed, focusing on efforts in Japan, and future issues are also discussed.

To prevent hearing loss as well, it is necessary to hold seminars and workshops for
people who are at risk of hearing loss, such as the elderly, and to provide them with
opportunities to receive a full range of health education. In addition, to address the
interpersonal and communication problems associated with hearing loss, it is neces-
sary to encourage participation in self-help groups and provide cooperative learning
opportunities for people with hearing loss.
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A Tailored and Transdisciplinary
Approach to Cochlear Implants
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Abstract

Non-auditory stimulation (NAS) is a potential complication in cochlear implants
(CIs) that can impact both the effectiveness of sound transmission and the quality of
life for users. This issue can often be mitigated through remedial CI device program-
ming strategies. In some cases, the symptoms of NAS are persistent irrespective of
typical audiological interventions. To develop an intervention for NAS that is tailored
to the auditory system and surrounding structures of an individual CI user requires
a transdisciplinary approach. This chapter proposes a model for transdisciplinary,
patient-centred care of CI users who suffer from persistent NAS complications from
intracochlear electrical stimulation. The model combines aspects of anatomy, radiol-
ogy, computational modelling and audiology to gain an understanding of the parame-
ters that give rise to the occurrence of NAS and to provide an avenue for investigating
novel intervention strategies. Addressing unintended facial nerve stimulation by a CI
is used to demonstrate the application of the model.

Keywords: cochlear implants, facial nerve stimulation, computational modelling,
person-centred care, transdisciplinary team

1. Introduction

The cochlear implant (CI) or ‘bionic ear’ is a technological intervention intended
to treat severe to profound sensorineural hearing loss [1]. Often, hearing impairment
is a result of cochlear hair cell loss where up to 80% of inner hair cells may be lost as
aresult of aetiological factors, such as medication or trauma [2]. More significant
hearing loss resulting in profound deafness can only be treated by surgically implant-
ing a CI. When the origin of deafness is sensorineural, a CI can stimulate the auditory
nerve electrically to induce action potentials (APs) that travel along the auditory
nerve to elicit a sensation of sound. The electrically induced APs are indistinguish-
able from naturally elicited APs, but there are a number of differences. Notably, the
dynamic range between the stimulation threshold and saturation rates at which APs
are generated (the firing rate) in response to increases in electrical current level is
much smaller than that of natural neural excitation. CI speech perception in quiet
may be close to normal, but it may deteriorate in noise [2].
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While designs vary across CI companies [3], all commercial Cls have the same
components. Externally, the CI system consists of a microphone, speech processor
and transmitter [4]. Internally, the CI consists of a surgically implanted receiver-
stimulator and the electrode array within the cochlea. The speech processor acts as an
artificial cochlea by taking the sound input from the microphone and emulating some
of the processing known to take place in the healthy cochlea. The speech processor
translates the acoustic signal into a format that may be used to stimulate the surviv-
ing auditory nerve fibres in the inner ear or cochlea via the electrode array. Stimulus
data from the speech processor is transmitted via a wireless transcutaneous link to
the implanted receiver-stimulator that encodes information in the original acoustic
input into electrical pulse trains that are applied to electrode contacts of the electrode
array. The wireless connectivity also enables the transfer of power to the implanted
electronics, remote adjustments, updates and telemetric data collection to assess the
status of the auditory nerve and the functionality of the implant.

Cochlear implants vary in electrode design and a variety of speech processing
strategies exist. For example, electrode array designs differ in the number of elec-
trode contacts, the spacing between electrodes, the positioning (e.g., lateral wall and
perimodiolar designs) and the length of the electrode array [5]. Speech processors
may, for example, focus on delivering temporal fine structure [6] or on accurate
representation of sound spectra [7].

Cochlear implant outcomes are highly variable [8], with some CI users achieving
open set speech recognition, and some having virtually no benefit other than being
in contact with their sound environment. Variability in the hearing outcomes with
a CI device is a direct result of interpersonal differences in the auditory systems of
individual CI users and the integration of the CI technology with this unique system.
Despite different designs that attempt to address different issues, outcomes are similar
across electrode designs and speech processors [3]. For example, current focusing
and current steering methods are used to mitigate the effect of current spread [9, 10],
some electrode designs target deep insertions to ensure that the low-frequency region
of the cochlea is stimulated [11] and electrode array positioning is either perimodio-
lar or against the cochlear lateral wall [12]. These different designs have not solved
the problem of variable outcomes across CI users [13]. The same problems remain
across implant designs: programming (or mapping) of the device for optimal hearing
through optimal electrical stimulation parameter settings is unique for each user [14,
15]; neural survival patterns vary across CI users [16] but electrode arrays cannot be
positioned to make provision for this; and patterns of current spread in each CI user
is uniquely a function of individual anatomy [17]. To complicate matters further,
programming of the CI device for adults can be done interactively, but mapping for
babies or CI users with multiple disabilities needs to be done with objective meth-
ods, for example, based on electrically-evoked compound action potential (eCAP)
measures [18]. Objective methods are needed for individualised mapping [19, 20].
Cochlear implant companies supply software platforms to streamline mapping and
to some extent make the mapping process objective [21], but this is of use mostly for
cases without additional complications.

Standard management and care approaches become inadequate once there is addi-
tional complexity, for example, where inner ear malformations exist [22], when the
electrode array is not ideally placed, when neural survival is compromised, when the
electrical environment deviates from the expected, for example when bone conduc-
tance is affected due to disease [23] or when non-auditory stimulation (NAS) causes
complications that compromises hearing performance and/or quality of life [24].
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When a CI user experiences sub-optimal performance or complications that can-
not be resolved through conventional interventive mapping strategies, a multi- and
transdisciplinary approach that incorporates computational modelling as an advanced
analytic and diagnostic tool may be required to effectively investigate and ideally
address the issue. This approach is person-specific, taking into account the unique
characteristics of each CI user’s cochlear environment, as well as other factors that
may impact hearing outcomes.

This chapter describes a transdisciplinary approach that encompasses three
disciplines or domains within CI management, differentiated here as the clinical,
medical sciences and engineering domains. The aim of a transdisciplinary approach
is to actively integrate and synthesise knowledge across various knowledge fields
to address complex problems and produce novel solutions. This enables a person-
centred care approach in the management of complex CI cases that is underpinned by
the translation of computational models to clinical application.

2. The disciplines in CI management
2.1 Clinical domain

The standard model of care for CI users is typically practised in the clinical
domain illustrated in Figure 1. The standard of care is person-centred, which aims
to recognise the unique needs, preferences, values and circumstances of each CI
user. A clinical model of care is typically an interdisciplinary model, where differ-
ent members of the care team share information and insights across their respective
disciplines.

Within the clinical domain, a CI team consists of a variety of clinical practitioners
that need to operate in four interdisciplinary areas. The assessment of hearing and

Clinical Medical
domain Clinical tools sciences
domain

Cl recipient

Engineering
domain

Figure 1.
Hllustration of care, centred in the clinical domain.
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management of hearing loss is primarily dealt with by audiologists. The surgical
implantation of the CI device and maintaining auditory health is the joint responsibil-
ity of the ear, nose and throat (ENT) surgeon, radiologist, neurologist and paediatri-
cian in paediatric cases. Counselling and supporting the CI user and their family
members to optimise quality of life is the task of a psychologist and social worker,
while the auditory (re)habilitation through auditory training is managed by an
audiologist and/or speech-language therapist.

When a person is first diagnosed with a hearing loss that indicates CI candidacy,
the person is usually referred to a CI team for clinical evaluation. The evaluation
includes at least an ENT surgeon and an audiologist. Often, evaluation for candidacy
also involves a psychologist and a social worker to appraise whether personal circum-
stances will support the decision to implant [25], along with audiological measures
[26] and imaging that may include either computed tomography (CT) or magnetic
resonance imaging (MRI) or both [27]. Imaging allows evaluation of the anatomic
suitability for receiving a CI and may inform a yes/no decision and selection of the ear
to be implanted.

Surgical implantation of the internal components of the CI device is performed
by the ENT surgeon with in theatre support from an audiologist and/or a specialised
clinical engineer made available by the CI company. Objective neurophysiological
tests are routinely performed in-theatre as initial assessment of the neural responses
to electrical stimulation and to verify the integrity of the device. For example, elec-
trocochleography (ECochG) can be used to monitor the auditory nerve’s response to
electrode insertion and activation. This can provide real-time feedback to the surgeon
about the electrode’s positioning and its potential impact on the auditory nerve.

Subsequent activation and programming of the CI device are carried out by an
audiologist. Thereafter, the CI user will have regular follow-up visits to an audiolo-
gist for updating and maintaining the CI user’s map. The professional team may
also include a speech-language therapist that assists with (re)habilitation with the
CI device [28]. Initially, CI stimulation sounds distorted [29] and the postlingual
hearing-impaired CI user needs to relearn to hear, while children with congenital
deafness need to learn to hear with their CI(s) [30]. Facilitating this process is known
as auditory training. (Re)habilitation and auditory training, which focus on improv-
ing speech perception, along with ongoing follow-up appointments and psychosocial
support to address emotional aspects, are required to optimise CI outcomes. Lifelong
management and CI device upgrades ensure access to the latest technology, aiming to
enhance hearing outcomes and improve the quality of life for CI users.

An array of tools is available in the clinical domain for managing and maintain-
ing hearing performance. From a surgical and medical practitioner perspective, this
includes diagnostic tools to determine the aetiology of hearing loss, for example,
genetic testing, assessment of the medical history of a patient to determine factors
such as exposure to loud noise, ototoxicity, infections and underlying medical condi-
tions, imaging that may help to identify structural abnormalities, tumours or nerve
hypoplasia and physical examination. In cases where hearing loss is associated with
balance problems, balance and vestibular testing may also form part of the assess-
ments that may be conducted.

From an audiology perspective, the most important tool in the management of
CI hearing performance is the CI device programming software provided by each
of the CI companies. Besides mapping, this software also allows neurophysiological
evaluations, such as measuring the eCAP and assessing the integrity of the device by
measuring the electrical impedances of the electrode contacts. Pure tone audiometry
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is frequently used to monitor the unaided and aided hearing thresholds to assess both
the progression of hearing loss and the aided benefit that a person receives from a
hearing aid, CI or hybrid device. However, pure tone audiometry does not necessarily
translate to speech understanding, and hence, tools to evaluate hearing performance
as reflected by speech understanding are also employed. These include listening
test batteries targeted at CI users, for example, the minimal auditory capabilities
(MAC) test battery [31] and the basic auditory skills evaluation (BASE) battery [32].
Neurophysiological testing that assesses the functional level of the auditory pathway
includes electrically evoked auditory brainstem responses (eABRs) and ECochGs.
ECochGs can help identify conditions, such as endolymphatic hydrops (Meniere’s
disease) and assist in determining the site of lesion in auditory neuropathy spectrum
disorder (ANSD), which may affect the success of cochlear implantation.

The default interaction between the care provided by the clinical team and the
ClI user, if no complications are experienced, is shown by the arrows in Figure 1.
However, if complications arise, a second step assessment is introduced in the man-
agement strategy. Figure 2 illustrates an array of additional tests and evaluations that
may be employed in the assessment phase.

2.2 Medical sciences domain

Much of what is known about the pathology of the auditory system originates
from the medical sciences domain. Medical sciences are crucial for guiding clinical
interventions related to hearing loss, particularly in the context of ClIs. The success
of CIs relies on contributions from diverse medical science fields, including anatomy,
histology and medical imaging. These contribute significantly to the foundational
knowledge base, offering insight into the structure and function of the various
components of the auditory system and providing tools to assess this system in order
to facilitate clinical decision-making. Figure 3 illustrates some of the expertise that
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Figure 2.
Extended care that includes an assessment step for complicated CI cases.
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The medical sciences domain offers expertise to inform and support the development of CI technology and the care
and management of CI users.

the medical domain offers to inform and support the development of CI technology
and the care and management of CI users.

A detailed morphological (qualitative: form and structure) and morphometric
(quantitative: size and proportions) description of the cochlea, cochlear nerve and
surrounding structures, provided by anatomists is necessary for the design of CI
electrode arrays that would minimise implant trauma while providing an effective
interface with the remaining neural structures and contribute to hearing preserva-
tion. Knowledge about the morphology is essential for surgeons to locate the cochlea
during the implantation procedure and to minimise the risk of damage to surround-
ing structures, specifically including the facial nerve which is in close proximity to
the scala tympani [33]. Understanding the anatomical variations among individual
patients’ cochleae and possible abnormalities is important for selecting appropri-
ate electrode arrays [34] and customising implant procedures. Cadaver studies are
an important facet of anatomy as this form the basis for characterising the detailed
morphology and morphometry of the auditory system and also facilitate testing and
refinement of new CI devices.

Histology provides insights into the cellular and histopathological changes that
occur in the cochlea due to hearing loss. This information is invaluable for under-
standing the potential impact of long-term hearing loss on the cochlear structures and
similarly, the ontogenesis of electric hearing over time. Histological studies can also
guide researchers and clinicians in designing electrodes that effectively interface with
the remaining auditory nerve fibres.

Medical imaging, specifically CT scans and MRI, provide visualisations of the
inner ear anatomy, even though the resolution is low relative to the dimensions of
the cochlea. Micro-computed tomography (pCT), of which the radiation levels are
too high for safe clinical use, is often used in CI research to provide high-resolution
images of cadaver temporal bones so that the variations in cochlear morphology and

186



A Tailored and Transdisciplinary Approach to Cochlear Implants
DOI: http://dx.doi.org/10.5772/intechopen.1002920

morphometry may be studied. Cadaver studies also allow researchers to correlate
imaging data with actual anatomical structures in order to validate the accuracy of
measurements from imaging data. Imaging, both clinical and scientific, is crucial for
preoperative planning, allowing surgeons to appreciate the general anatomy of the
cochlea and surrounding structures and to assess the patient’s individual cochlear
anatomy [35]. Imaging provides a means to identify anatomical abnormalities and to
plan the optimal trajectory for electrode insertion. Post-operative imaging provides
information about the location of the electrode array within the cochlea and may also
provide information about progressive changes in the cochlea and rest of the auditory
system.

2.3 Engineering domain

Engineers are at the core of the design, development and improvement of CI
technology, which involves several engineering disciplines, for example, biomedical
engineering, electronic engineering, computer and software engineering, materials
science and mechanical engineering. Engineers design and develop the hardware
and software components of CI systems. This includes the external speech processor,
the wireless, transcutaneous link between the external processor and the implanted
system, the implanted electrode array and the powering of the implant. The develop-
ment of sophisticated signal processing algorithms within the external processor that
aims to enhance and optimise the quality of sound delivered to CI users is an ever-
evolving engineering task. Careful design of the power supply and power manage-
ment strategies are important to ensure that users can enjoy continuous hearing
without frequent expensive battery replacements [36].

Apart from the development of the technology, engineers are also involved in
research that probes the intricacies of the integration between biology and technol-
ogy. Computational modelling is an effective tool to probe the biophysical interac-
tions between CIs and the complex biology of the human auditory system. While
untangling the factors influencing the relation between stimulus and perception in
CI users is challenging because of the complexity and inaccessibility of the auditory
system, computational models offer a pathway for examining how specific parameters
influence aspects of hearing. The aim of a computational model is to create a digital
twin of the auditory system of a specific CI user that would allow researchers to probe
this system in a way that would involve excessively invasive procedures if conducted
on the Cl user (Figure 4).

There are two main types of models in CI research: models that describe the
periphery, and therefore the biophysical interface between the implant and the
auditory system and models that describe processing in the central auditory nervous
system and perception of sound. Both of these types of models may use a physiolog-
ically-based approach, a phenomenological approach or a combination of the two.
Because of the complexity of the complete auditory system, a large number of models
have been created to describe distinct characteristics of this system. Often a number
of different models, each describing a specific component or aspect, are combined to
capture the characteristics of the auditory system more completely.

One example is modelling of the electrically stimulated auditory periphery that
requires at least two models for a complete description: one to describe the volume
conduction effects when stimulation current is injected into the cochlea (and sur-
rounding tissue) and one to describe the response of the auditory nerve fibres to the
injected current. Finite element volume conduction (FEVC) models of the cochlea
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Figure 4.

Engineering domain, where computational models of a CI users’ cochleae are designed and implemented. The
computational model aims to be a digital twin of the CI user so that invasive test results and insights from the CI
user may be gained. The arrow from the model to the CI user represents the validation route where predictions
from the model are evaluated against data measured from the CI user.

attempt to capture a detailed three-dimensional (3D) description of the cochlea, audi-
tory nerve and in many cases, the surrounding tissues and structures [17, 37-41]. The
parameters that describe the anatomy and geometry of a particular CI user’s cochlear
structures are extracted from medical imaging data (CT or MRI scans). Different
tissues in the model are assigned different electrical properties, for which the values
are derived from experimental data originating in the medical sciences domain. Such
amodel can be used to simulate the spread of electrical current through the tissues
when current is injected through the CI electrodes.

The response to the stimulation current at the output of the FEVC model is
predicted by an auditory nerve fibre (ANF) model. An ANF model may take several
forms, for example, it may be conductance-based, such as the Hodgkin-Huxley [39,
42, 43] or Schwartz-Eikhoff [44-46] models that comprise a set of differential equa-
tions, or it may be phenomenological [47-49] or a combination of the two [50]. ANF
models are commonly developed in programming languages, such as MATLAB or
Python. In combination, the FEVC and ANF models, referred to as compound mod-
els, allow prediction and analyses of the neural response to electrical stimulation [17,
23, 40, 51-53]. From these, researchers can infer how the perception of sound may
be affected by different intertwined factors such as the pattern of neural survival,
the location of the electrode array relative to the surviving nerve fibres and different
stimulation strategies. Simulation results are typically validated by comparing them
to experimental data obtained from CI users.

2.4 The need for a transdisciplinary model of care

The previous sections expanded on the roles that each of the three domains play in
providing medical care, understanding the anatomy and physiology of the auditory
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system and how this relates to the physical characteristics of its structures and devel-
oping the various components of CIs and their supporting technologies. While the
clinical model of care has been successful in providing essential services and support
to CI users, a transdisciplinary team that combines the tools and techniques from the
different domains may provide a deeper understanding of the complex relationship
among factors that affect the unique hearing experience of individual CI users. This
becomes particularly important when addressing CI complications such as NAS,
where identifying the root cause might not be straightforward, or when multiple
factors contribute to an issue.

Figure 5 depicts a transdisciplinary model that includes the clinical, medical sci-
ences and engineering domains.

The model consists of a six-stage approach centred around the CI user and a digital
twin of their electrically stimulated hearing system. The digital twin is created as a
computational model of the cochlea, cochlear nerve and surrounding structures and
allows the team to investigate a particular CI user’s auditory system from an invasive
viewpoint. If a CI user experiences NAS, as illustrated in Figure 5, the first stage in
the approach is clinical care where a CI user’s clinical team will identify the issue,
and then proceed to intervene according to the standard models of care. If the care
model is not effective in mitigating the issue, the second stage is entered, where the
transdisciplinary team considers the different facets of the case and formulates data
collection requirements. To be able to create a computational model of the CI user’s
cochlea, morphological and morphometric data must be measured for the specific
individual in the third stage to complement data that was already collected during
the care stage. The fourth stage involves parameterisation of the relevant data to
create a person-specific computational model of components of the CI user’s auditory
system. The fifth stage involves creating the model and validating it against empiri-
cal data obtained from the medical history of the user, as well as from clinical tests,
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Figure 5.
A diagrammatic representation of model-based person-centred cave through a six-stage transdisciplinary
approach.
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experiments and image data. The model is then used to investigate possible solutions
to alleviate or mitigate the complication. Interventions that may have been designed
or identified are tested in stage six. The process is iterative as a first iteration might
not yield desired results. It is also important to realise that it may be impossible to
devise an effective solution for a particular person. However, the model provides an
avenue for understanding the underlying causes of the complication, thereby inform-
ing the care strategy for this and future CI users.

In the remainder of the chapter, the application of the transdisciplinary model will
be unpacked within the context of facial nerve stimulation (FNS).

3. Application of the model: a practical example

To demonstrate the application of the model of care through the complication of
FNS, it is necessary to provide a conceptual framework of FNS through which the reader
may appreciate the complexities of and the necessity for the transdisciplinary approach.

3.1 Facial nerve stimulation
3.1.1 What is FNS, and what does it do?

FNS occurs when electrical current from the CI intended to stimulate the ANFs,
spreads to and excites the nearby labyrinthine segment of the facial nerve (FN) [24,
54-56]. Symptoms of FNS in CI users vary from user discomfort in the form of facial
tingling to twitching of the facial muscle to severe, painful and disfiguring facial
spasms. Other symptoms that may present are referred pain in the form of headaches,
loss of taste, and sensory and secretomotor symptoms. Symptoms could negatively
affect the functionality of the CI, may present directly after CI device activation or
after a period of use and, in users with bilateral Cls, may present on both or only one
side of the face [54, 57-59]. In extreme cases, symptoms can become so severe that
explantation and reimplantation may be required [60].

3.1.2 How prevalent is FNS?

Using the PRISMA algorithm on an initial pool of over 1000 CI and FNS-related
articles, Van Horn et al. [60] provide a systematic review of the rate of and factors
associated with FNS in CI users followed by an assessment of FNS management strat-
egies. In their review and meta-analysis of 37 articles representing 5936 CI users, the
reported FNS rate ranged from 0.68-43%, with a cumulative incidence rate of 5.6%,
or almost one in every 18 CI users. Cochlear implant users with otosclerosis showed
an overall FNS rate of 26% (range, 6.25-75%) having a significantly higher odds
ratio (OR) to non-otosclerosis (OR = 13.73, 95% confidence interval [CI] 3.57-52.78,
p < 0.01). Users with lateral wall arrays are more likely to experience FNS with an
OR =3.92, 95% CI 1.6-10.47, p < 0.01 and those with cochlear malformations showed
an overall FNS rate of 28% (range, 5.3-43%).

3.1.3 What factors affect, aggravate or increase the visk of FNS?

Factors that appear to affect the occurrence of FNS include cochlear ossification
(post-meningitis and otosyphilis), otosclerosis, osteoporosis, temporal bone fracture,
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a narrow bony cochlear nerve canal and cochlear malformations [55-57, 61-64].
Unfortunately, these factors also often result in inadequate loudness perception by the
CI user, which then requires an increase in stimulus current level, thereby aggravating
the FNS because the increased stimulus current level increases the spread or leakage
of current to the facial nerve [55]. The type of CI array also proved a significant factor
in FNS occurrence. Straight, lateral arrays are situated closer to the outer wall of the
cochlea and thus closer to the facial nerve, whereas pre-curved, perimodiolar arrays
with modiolar facing contacts lie in closer proximity to and direct the current towards
the modiolus and are thus less likely to leak current towards the facial nerve [59].

Another risk factor in FNS is cochlear-facial dehiscence, an opening between
the cochlea and labyrinthine segment of the FN [65]. When a CI electrode is
activated, electrical current from the electrode may spread through the opening
to the labyrinthine segment of the FN and cause FNS. Factors that may contribute
to cochlear-facial dehiscences include local thinning of the otic capsule (such as
in cases of meningitis and otosclerosis), topographic anatomy of the cochlea and
impingement of the otic capsule upon the labyrinthine segment of the FN causing
narrowing [66].

Intraoperative electrophysiology testing, such as eABR, can be performed during
the surgical procedure to assess the function of the auditory. Abnormal findings, such
as the detection of facial nerve (CN VII) and vestibular potentials on eABR testing,
may indicate a higher likelihood of post-operative NAS [67].

3.2 Application of model-based person-centred care

Managing complications with CI stimulation is multifaceted and requires a
comprehensive approach that considers all factors, including medical history, hearing
needs and CI program settings. By utilising a multi- and transdisciplinary compu-
tational model-based approach, the objective is to create a person-specific map that
maximises the individual’s hearing outcomes while minimising complications. In this
section, a qualitative narrative of the management of five CI users, presenting with
FNS, is presented to demonstrate how a transdisciplinary model of care is applied at
the University of Pretoria, South Africa.

3.2.1 Case studies

Case 1. In a study by Badenhorst et al. [23], a CI user received a Med-El C40+
standard electrode array in the right ear at age 4 years and 4 months following a men-
ingitis infection. The left cochlea was implanted 3 years later with a Med-El Pulsar
cil00 short array electrode because of severe ossification of the scalae. A few years
later this implant caused acute headaches and pain after which it was explanted and
replaced with a dummy electrode for possible future reimplantation in the ossifying
left cochlea. A year after the explantation, the user experienced FNS with the remain-
ing right implant. FNS also presented in the left cochlea upon reimplantation with a
Med-El compressed array.

Case 2. The study by Van der Westhuizen et al. [53] reports on a CI user for whom
hearing was lost after gentamicin injection in the middle ear following a retrosig-
moid vestibular neurectomy for intractable vertigo in Méniére’s disease. The person
received a Cochlear Nucleus implant with a CI24RE Contour Advance electrode in the
right ear. While image analysis revealed electrodes 16 and 17 to be closest to the FN,
the CI user experienced severe FNS on most of the electrodes in the array.
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Case 3. The origin of this CI user’s deafness is unknown and started at around 4 to
5 years of age. The right ear was implanted, and the user experienced FNS since initial
stimulation. The first implant was removed and was replaced with a Cochlear Nucleus
implant with a CI24RE Contour Advance electrode. The FNS persisted, causing
epiphora (watery, red eye) and activation of the orbicularis oculi muscle on the side
of the implant.

Case 4. This CI user’s hearing was lost following a tuberculosis meningitis infec-
tion. The right ear was implanted with a Cochlear Nucleus implant with CI24RE
Contour Advance electrode. The CI user experienced FNS on all electrodes.

Case 5. This CI user’s biological mother contracted rubella during pregnancy.

The CI user was diagnosed with bilateral hearing loss at age four and started to use a
hearing aid in the right ear at age nine and only 10 years later started to use a hearing
aid in the left ear. This CI user received a cochlear nucleus implant in the left ear with
a CI422 electrode as an adult and experienced no FNS complications in this ear. Eight
years later, this CI user was implanted with a Cochlear Nucleus implant with a C1632
electrode in the right ear. Severe FNS is experienced on all electrodes implanted on
the right side.

3.2.2 Care

From the brief descriptions of the FNS cases above, it is evident that the origins
and management of FNS are intricate. For all the above cases, not only is the quality
of sound provided by the implant affected by FNS but also the quality of life of the
CI users. Despite technological advances in cochlear implantation, the interpersonal
variability in factors that affect hearing outcomes, for example, aetiology of deafness
and neural survival patterns implies that auditory (re)habilitation may require a
range of different management strategies.

Before the need for a transdisciplinary approach becomes evident, there are a num-
ber of standard interventions that are typically attempted within the clinical domain
(Figure 2). The most common non-invasive intervention strategy for FNS involves
reprogramming or remapping of the CI by either increasing stimulation pulse widths
or increasing interphase gaps to reduce stimulation levels [60, 68]. In a recent system-
atic review [60], FNS management strategies were reported in 28 of the 37 included
studies, with a cumulative sample of 259 CI users with FNS. All studies reported the
resolution of FNS through remedial CI device programming strategies, but the exact
success rate of these programming strategies was not reported [60]. Reprogramming
of the CI device has been attempted for all five cases described above but failed to
mitigate the adverse effects of FNS. Upon onset of FNS in case 1, a new map was pro-
grammed that initially did not cause FNS, but it returned over time because of steadily
increasing current levels that were required to maintain functional hearing.

To counteract the larger current spread associated with higher current levels (and
associated FNS), electrical pulse width increase may present a solution. A disadvan-
tage of this approach may be in a processor, where the time duration of a stimulus
cycle (cycling through all electrodes that need to be activated) is fixed, which (e.g.)
is the case in a SPEAK processing strategy. The number of spectral maxima used in
the processor relates to the spectral content of the acoustic signal that is encoded in
the electrical stimuli. SPEAK uses between six and eight maxima, and the spectral
representation becomes sparse if the number of maxima becomes too small. For case
4, the map that rendered the best hearing (though still unsatisfactory) could accom-
modate only four maxima due to large pulse widths.
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Lowering the stimulation levels of offending electrodes to current levels just
below the stimulus level inducing the FNS symptoms while still achieving auditory
stimulation [55] was also attempted in combination with deactivation of one or more
electrode contacts. Deactivation of electrodes on multichannel arrays is relatively
common in clinical practice, although this tends to compromise the quality of hearing
and speech perception outcomes, especially in cases where multiple electrodes of the
upper basal and/ or middle turns of the cochlea need to be deactivated to manage FNS
[60, 68]. In cases, where both lowered stimulation levels and electrode deactivation
were required to manage severe FNS, all five CI cases reported insufficient loudness to
offer a comfortable listening experience. This is in accordance with the literature that
states remedial CI programming strategies to be useful in most cases to reduce FNS
symptoms to some extent, though sound quality and auditory performance are often
affected, especially in cases that require significantly decreased levels of electrical
stimulation or aggressive electrode deactivation [54, 60].

Alternative stimulation modes and triphasic pulse stimulation have also been
documented as non-invasive intervention strategies for FNS [68, 69]. For example,
for case 4, after the conventional extra-cochlear stimulation modes MP1 and MP2
were explored with increased pulse widths and decreased rate, intra-cochlear stimu-
lation modes, common ground, bipolar+3, and bipolar+5 were tested. However, the
intracochlear modes failed to provide sufficient loudness growth because of the close
proximity of the active and reference electrodes [70]. The largest electrical dynamic
range for the most active channels was achieved with a pseudomonopolar map.
However, even with this map, loudness was compromised and did not improve with
pulse widths beyond 200 ps. Similar challenges were experienced in the mapping of
the other four CI cases, with none of the conventional FNS intervention strategies
rendering a satisfactory outcome.

If none of the non-invasive strategies prove successful in managing the FNS,
there are invasive strategies that may be considered. The first is botulinum toxin
(Botox) treatment [71], but the inability to use facial muscles or facial expressions
may lead to reduced quality of life [53]. For case 1, Botox injections were admin-
istered as a temporary measure to alleviate the effect of the FNS. The treatment
partially inhibited the FNS, but at the cost of little to no facial expression while the
CI user still reported perceiving contraction of the facial muscles. Botox injections
were administered in case 4, but because of the risk of affecting the motor neuron
pathways required for eating and drinking, the treatment was conservative. The FNS
was less visible, but the user was still aware of the muscle contractions, similar to the
experience of case 1.

In some severe FNS cases, where typical audiological interventions such as repro-
gramming of the CI and deactivation of electrodes do not alleviate the FNS symp-
toms, explantation and reimplantation of the CI device may be necessary [60, 68,
72,73]. Case 3 had the first implant removed due to persistent FNS. The CI user was
re-implanted with a perimodiolar electrode array that placed the electrodes further
away from the FN because of its modiolus-hugging intracochlear location. The strat-
egy of changing the type of electrode array from a lateral wall type to a perimodiolar
type at reimplantation has been documented as an effective approach to eliminate
FNS [74], though this approach did not resolve FNS for case 4. Case 1 had the CI on
the left removed due to acute headaches and pain, which is indicative of NAS. The left
side was re-implanted with a compressed array that could only be partially inserted
because of ossification. Reimplantation was, however, not effective to mitigate
complications in this CI user. FNS was experienced shortly after activation.
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Removal of the CI and its intracochlear electrode array can also cause explantation
trauma. Since explantation is often carried out a number of years after initial implan-
tation, reactive tissue may have formed around the electrode, which may increase the
risk for explantation trauma [75] and may, therefore, compromise the outcomes that
may be achieved with a subsequent implant. For this reason, explantation should be a
last resort.

In a transdisciplinary team, where computational modelling expertise is available,
the model presented in Figure 5 should be applied before explantation is considered,
and if the latter is seen as the only option, to predict the chances of success of reim-
plantation given what can be extrapolated through the tools of a transdisciplinary
team and specifically computational modelling.

3.2.3 Assessment

When the methods available for mitigating FNS in the clinical domain (Figure 2)
have been exhausted, the transdisciplinary team needs to assess the available
information and data that have been collected for the CI user. The transdisciplinary
team comprises a core team that includes members having expertise in the relevant
domains, as well as the clinical team of the specific CI user. The team may, thus,
be geographically distributed, necessitating an agreement on a remote operation
strategy.

The assessment will determine how computational modelling will be used to
inform management of the case. In some cases, a complete model will be constructed
to assess a CI user’s unique situation, while it may be possible to extrapolate from
observations that were made in previous modelling studies that investigated other
cases.

The primary inputs required to continue with a model-based approach are good
quality imaging data that may be complemented by anatomical, neuroanatomical and
neurophysiological data originating from the intersection between the clinical and
medical domains, the CI user’s medical history and device programming information
from the clinical domain, and data from speech perception tests, CI device integrity
tests, neurophysiological tests and psychoacoustic tests originating from the intersec-
tion between the clinical and engineering domains.

3.2.4 Measurement
3.2.4.1 Imaging

The foundation for the construction of the 3D computational models of a specific
CI user’s cochlea and surrounding structures is clinical images, for example, CT.
These images are used to quantify the dimensions of cochlear structures. The human
cochlea is as unique as a fingerprint [76], and it has been shown that person-specific
modelling of the cochlea needs to take these variations into account [17].

Multi-slice computed tomography (MSCT'), cone-beam computed tomography
(CBCT) and magnetic resonance imaging (MRI) are part of the routine pre-operative
evaluation of a CI candidate, while only CT-based modalities are viable for post-
operative assessment due to the metal artefacts that obscure the cochlea in MRI scans.

For computational models, post-operative CT images are the most crucial as these
provide information on the morphology of the individual cochlea, as well as the intra-
cochlear location of the electrode array, the depth of insertion and possibly insertion
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trauma should the array appear not to follow the trajectory of the scala tympani [77].
If post-operative CT imaging is not available, it has to be acquired, for example. in
case 3, where the process could not continue before the images were available.

It is also worth noting that imaging modalities may differ depending on the avail-
ability of scanner technology. Figure 6 shows a mid-modiolar slice through the CT
images for each case. Cases 1, 2 and 4 had MSCT scans available, while cases 3 and
5 had CBCT images available. The advantage of MSCT is that Hounsfield units may
be used to track changes in bone density over time should multiple scans be avail-
able. This characteristic of MSCT was utilised for case 1, where the progression of
changes in the bone density could be measured over time. However, the grey values
in CBCT are at most moderately correlated with Hounsfield units and are dependent,
among others, on the specific brand of the scanner [78]. This might make it difficult
to track changes in bone density should the only image data be CBCT. On the other
hand, CBCT is considered a low-radiation dose alternative to MSCT with the added
advantage of superior image resolution and metal artefact reduction [79], which are
beneficial to capture morphometric data for the cochlea.

3.2.4.2 Landmarking

To measure the morphometric characteristics of the cochlea and facial nerve,
landmarking is used to quantify the shape of the cochlea. Landmarks are a 3D constel-
lation of discrete anatomical locations described by Cartesian coordinates. They are
points of correspondence on each specimen that are identifiable and distinguishable
in every cochlea. The landmarks shown in Figure 6 have been selected to describe the

Case 4 Case 5 Landmarks

Figure 6.

Panels for cases 1 to 5. Two-dimensional mid-modiolar slices through the cochleae of cases 1 to 5 show the variation
in image quality. Cases 1, 2 and 4 had MSCT scans, while cases 3 and 5 had CBCT scans. The bright areas in the
images are the metal electrode contacts. The scan for case 2 is particularly affected by artefacts. Landmarks panel.
A landmark set that may be used to describe the bony shape of the cochlea. Closed dots indicate landmarks that
should be visible on clinical CT images, while open dots indicate landmarks that have to be derived from high-
resolution images such as micro-CT scans (not used for live humans) to augment the clinical scans.
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shape of the bony aspects of the cochlear canal for the purpose of 3D modelling. A
minimum set of landmarks is required for the construction of 3D cochlear landmarks
and for cochlear modelling; at least, the lateral spiral (LS points in Figure 6) must be
distinguishable.

Considering the scans in Figure 6, case 1 shows no artefact and the lateral spiral
and electrode position can be measured. Case 2 presents a scan, where the artefacts
from the electrode array obscured the lateral spiral due to beam hardening. In this
case, a parametric model that may be less accurate than a landmark-based model may
be required [80]. While a parametric model may be constructed from a reduced land-
mark set, it could miss some of the person-specific local variations in cochlear shape.
In case 3 no landmarks can be accurately measured and a parametric model will be
required. The image for case 4, although blurry, allows the landmarks that describe
the lateral (LS) and superior spirals (SS) to be delineated. Case 5 has little interfer-
ence from electrode artefacts and here the superior, inferior, lateral, superolateral
and inferolateral spirals can be measured. This scan can be used for 3D computational
modelling of the implanted cochlea.

The measurements that need to be taken to reconstruct the FN are the length,
width and angle of the labyrinthine, tympanic and mastoid segments of the FN as
described in Badenhorst et al. [23]. Because the FN is enclosed in a bony canal, these
measurements can all be made on the CT images of the CI users.

3.2.5 Pavameterisation

The parameters in a computational model are values, settings or variables that
define the characteristics, behaviour and properties of the model.

Model parameters that define the 3D structure of the model are the size and shape
of the cochlear and surrounding structures and originate from the interface between
medical sciences and engineering (Figure 5). Parameterisation of the landmark
measurements obtained from the CT images involves the transformation of the
measured coordinates to the coordinate system in which the models are constructed,
as well as applying appropriate scaling factors. Electrical material properties are
mostly obtained from the literature since it is not possible to measure these in a living
CI user. However, the electrical properties of the bone surrounding the cochlea play
a crucial role in the distribution of current outside the cochlea and is, therefore, an
important parameter to include in FNS models. The only way to obtain an indication
of the value of this parameter for a particular CI user is by means of imaging. While
there is no direct relationship between Hounsfield units, bone mineral density and
the electrical properties of bone, the trends in this parameter may be inferred from
CT images taken at various time intervals. In the models, a decrease in the mineral
content of the bone encapsulating the cochlea is represented by decreasing the bone
impedance relative to the accepted value for this parameter in modelling studies [23,
38]. For case 1, several CT scans were available over a period of 18 months where a
decrease in the bone density could be observed, which could then be included in the
modelling study [23].

Model parameters that attempt to capture neural health, for example, the extent
of neural degeneration, loss of auditory nerve fibres or other damage to the auditory
nerve fibres, originate from neurophysiological testing that is performed at the inter-
section between the clinical and engineering domains (Figure 5). This includes eCAP
measurements and eABR measurements, which provide an indication of the status of
the auditory nerve [81, 82].
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3.2.6 Modelling

Once the measurements and parameterisation are done for a specific CI user, the
person-specific 3D finite element model of the cochlea, auditory nerve, facial nerve
and surrounding tissues, all having different electrical properties [17], is con-
structed in COMSOL and positioned in a generic head model as shown in Figure 7
for case 1 [23]. The basal-to-middle turn of the cochlea’s scala tympani was partially
ossified having an order of magnitude higher resistivity compared to the normal
perilymph.

Current spreads through the cochlea as shown in Figure 8 for a monopolar elec-
trode that injects current. Notice the close proximity of the FN's labyrinthine segment
to the cochlea in the bottom-right of Figures 7 and 8. The bottom left panel shows
how the current emanates from electrode 5. Most current then spreads through the
partially ossified cochlea with some current passing through and possibly stimulating
the FN (top frame).

Using a MATLAB model, ANFs are scaled and distributed within the cochlea
based on the cochlear geometry and ANF morphology such as that shown in Figure 9
[39, 43, 51].

The distribution of the ANFs relative to the cochlear geometry and electrode array
for case 1is shown in Figure 10 with the soma and nodes represented by the markers.
The FEVC current spread output and resulting electric potential distribution in the
cochlea combined with the fibre node locations provide the potential at each node for
any selected stimulus strategy and level. The individual nodal potentials then serve
as input to the purely conductance-based computational ANF model in MATLAB
to determine which auditory and/or facial nerve fibres will activate and produce a
propagating action potential along the fibre [43].

Scalp
Skull
Brain

Return Electrode

Electrode Facial
Array Nerve

Cochlea
Auditory Nerve

Figure7.
Finite element volume conduction (FEVC) COMSOL model of a head, skull, brain, partially ossified cochlea, CI
and facial nerve (Case 1).
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Current
through FN

Activated
Electrode 5

Superior:
Inferior
Electr. 5

Figure 8.

Bo%tom—vight shows asemi-transparent view of a partially ossified cochlea, electrode and FN for a FEVC
simulation in COMSOL for case 1. The top panel shows the current spread (ved lines) through the cochlea upon
activation of electrode 5 (E5), which is nearest to the FN. The bottom left panel, an enlargement of the section
indicated, shows the current originating from the superior and infevior electrodes. As expected, the top panel shows
the majority of the current spreading towards the right through the cochlea, but some curvent finds its way through
the FN causing FNS.

Pre-  soma POSE
Peripheral axon or dendrite somath; f‘ somatic . axen
P - - o PN N -
S X A X _—— L& o .
t bt f

Nodes of Ranvier  Myelinated internodal
compartments

Figure 9.
Morphology of a computationally modelled auditory nerve fibre.

From the model simulations, the onset of FNS in case 1 was attributed to a
decrease in resistivity of the otic capsule, likely because of the ossification of the
cochlear ducts. The study suggests that the left cochlea showed a larger increase in
auditory stimulation and FNS compared to the right cochlea, possibly because of
increased resistivity in the cochlear ducts and decreased resistivity of the otic capsule.
This could result in a decreased dynamic range in the left cochlea, which in turn could
lead to decreased thresholds of the auditory and facial nerve fibres, resulting in the
observed FNS.

Similar person-specific modelling and simulations for case 2 were used to investi-
gate the implementation of apical reference (AR) stimulation as a means of reducing
FNS. In using the most apical electrode as the reference electrode, the current could
be contained within the cochlea and directed away from the facial nerve fibre (FNF).
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Dendritic axons of
nodes of Electrode auditory
Ranvier array nerve

Figure 10.
A MATLAB rendering of the ANF distribution within the cochlea for case 1 indicating the dendritic nodes of
Ranvier, soma, electrode array and central axons.

The hypothesis of an increased pulse width reducing the effect of FNS was tested

by simulating both AR and conventional monopolar (MP1 + 2) stimulation with
phase durations of 25 ps and 300 ps. For MP1 + 2 stimulation, a number of electrodes
showed FNF thresholds lower than the ANF thresholds at 25 ps, with the increase in
pulse width barely increasing these FNF thresholds above the ANF thresholds. For AR
stimulation, however, FNF thresholds were already above ANF thresholds at 25 s,
with the increase to 300 ps further increasing the threshold difference (dynamic
range) while also decreasing both FNF and ANF thresholds. This supports the
hypothesis that AR stimulation is a viable strategy to alleviate FNS.

3.2.7 Intervention

The last stage of the transdisciplinary model of care is the intervention stage,
where the findings of the process need to inform the subsequent management of
the CI user. It is important to note that it might be necessary to iterate through the
six stages of the care model based on an improved understanding of the CI user’s
situation from previous iterations. The following provides a brief summary of the
intervention stage for the five case studies after the first iteration through the model
details in this chapter.

For case 1, personal circumstances of the CI user and Med-El implants’ inability
to accommodate the implementation of the AR stimulation strategy with its standard
clinical software limited the intervention options. Though much was learned through
the modelling process that can be applied in future cases, the only intervention
possible at the time was counselling for the CI user to better understand what was
happening in the cochleae, how that was causing severe FNS and why the standard
care procedures of remapping do not work in this specific case.

For cases 2 and 3, the outcomes were similar as both CI users have been using their
CIs for an extensive period. Both MP1 + 2 and AR stimulation were tested in the labo-
ratory. AR stimulation resulted in a decrease in threshold and an increase in comfort
levels as the model predicted and the users reported a reduction in FNS symptoms.
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The quality of sound with AR stimulation was, however, either poor or the CI users
reported very little sound perception. Despite this, the study validated the model
prediction that an AR strategy could reduce FNS.

Case 4 had not benefited from the CI as the FNS was present from initial stimula-
tion. While a reasonable map could be fitted for this CI user, no speech perception of
sound could be achieved with the AR stimulation mode.

To verify that the AR stimulation mode could provide a viable alternative stimula-
tion mode, it was tested on two CI users who do not experience FNS. These CI users
could perceive speech, though they reported their perception of sound to be much
different from that provided by their original map with default parameter settings.
This suggested that should a CI user be able to listen with this map, extensive audi-
tory retraining may be required, especially if the CI user had become accustomed to
another stimulation mode.

Case 5 experienced FNS almost from initial stimulation, and therefore did not
have as much experience with the CI in the ear affected by FNS as cases 1 to 4. The CI
user started auditory retraining with the AR map, which was effective in mitigating
the FNS, but after approximately 5 weeks, the FNS returned. This suggests changes
in the cochlear environment and sensitivity of the FN that have not been taken into
consideration in the present models. This observation informs the next iteration
through the care model to tease out the underlying mechanisms that are responsible
for the FNS to reoccur.

It is worth noting that a non-invasive solution to FNS may or may not be attained
through the application of a transdisciplinary model. However, the process provides
a deep insight into a specific CI user’s auditory system that may provide grounds
for decision-making and may inform counselling. The model also contributes to the
knowledge base about the factors that cause a unique listening experience for each
CI user.

4, Conclusions

A transdisciplinary model of care that incorporates expertise and tools from
the domains of clinical care, medical sciences and engineering is of great value for
managing complex FNS cases in CI users. As discussed in the previous sections, the
challenges associated with FNS complications are multifaceted and require a compre-
hensive approach that goes beyond traditional disciplinary boundaries. A transdisci-
plinary model of care offers two main advantages above a purely clinical approach to
FNS management.

Firstly, it embraces a holistic person-centred care approach. Complex cases in CI
require an approach that focuses on the individual’s overall well-being and quality of
life. A transdisciplinary model of care enables professionals from various disciplines
to collaborate and provide a comprehensive assessment and tailored treatment plan.
By considering medical, clinical and engineering perspectives together, the model
considers the unique needs and limitations of each CI user more comprehensively
than a single perspective approach.

Secondly,, it offers a means to develop a detailed understanding of the effects of
electrical stimulation on the particular CI user’s auditory system. By involving medi-
cal sciences and bioengineering, the model can leverage expertise in fields such as
computational neurophysiology and anatomy, medical imaging, signal processing and
control systems theory and medical device design to devise intervention strategies
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for a particular CI user, or if a satisfactory intervention is not possible, to provide an
understanding of the underlying causes of the FNS that may be used to manage the CI
user’s expectations.

It is important to acknowledge the challenges associated with implementing a
transdisciplinary model of care in all CI clinics. Limited resources, geographical
constraints and limited availability of experts from multiple disciplines can hinder
the establishment of a transdisciplinary team. Telehealth and remote consultation
technologies can be utilised to facilitate communication and collaboration among
specialists located in different locations. In this way, CI users and their clinical teams
may gain access to the advantages that a multidisciplinary team may offer.

Finally, while a purely clinical model of care remains the standard approach for CI
users in many clinics, the inclusion of a transdisciplinary team can offer significant
advantages when CI users experience complications with their Cls.
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