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Preface

Update on Hearing Loss is directed toward medical students, clinicians, and otolaryngologists
and provides detailed information on hearing loss, many different forms of hearing loss,
and their treatment as well as an overview of what is new and known about their patho‐
physiology.

Accordingly, this book does not cover all the different theories and management strategies
of hearing loss, but it does present up-to-date information for those who deal with hearing
loss in their clinical practice, such as otolaryngologists, neurologists, psychiatrists, neurosur‐
geons, clinical audiologists, dentists, and psychologists.

This book encompasses both the theoretical background of the different forms of hearing
loss and detailed knowledge on state-of-the-art treatment, written for clinicians by special‐
ists and researchers. Realizing the complexity of hearing loss has highlighted the importance
of interdisciplinary research. Therefore, all the authors contributing to Update on Hearing
Loss were chosen from many different specialties of medicine, like surgery, psychology, and
neuroscience, and came from diverse areas of expertise, such as neurology, neurosurgery,
audiology and speech therapy, otolaryngology, psychiatry, clinical and experimental psy‐
chology, pharmacology, dentistry, and neuroscience.

Many structures of the body, such as the ear, the auditory nervous system, the somatosenso‐
ry system, other parts of the brain, and muscles of the head and the neck, are directly or
indirectly involved in different forms of hearing loss. Treating and understanding the path‐
ology of hearing loss require better knowledge of otopathology and the involvement of
many specialties of medicine, such as surgery, psychology, and neuroscience.

Hearing loss may occur due to genetic defects, presbycusis, viral or bacterial infection, tem‐
poral bone trauma, noise exposure, or administration of ototoxical agents. Hearing loss is
often accompanied by symptoms such as hyperacusis (lowered tolerance to sound) and dis‐
tortion of sounds. Affective disorders such as phonophobia (fear of sound) and depression
often occur in individuals with severe hearing loss.

Chapter 1 provides the reader with current knowledge on the Cochlear Model for Hearing
Loss.

Chapter 2 describes the newest Classification of Hearing Loss.

Chapter 3 is an Update on Etiology and Epidemiology of Hearing Loss.

Chapter 4 discusses the Advances in Genetic Diagnosis and Treatment of Hearing Loss.

Chapter 5 is about Hearing Loss in Infectious and Contagious Diseases.



Chapter 6 presents a critical overview of Hearing Loss and Its Impact on Voice.

Chapter 7 discusses the components of Noise-Induced Hearing Loss.

Chapter 8 offers new alternative treatments of Tinnitus as Therapy with Laser and EGb 761.

Chapter 9 presents the Technological Advances in Universal Neonatal Hearing Screening.

Chapter 10 describes Cochlear Implantation on Hearing-Impaired Patients.

It is a huge challenge to translate the results from basic research into clinical practice, and all
the authors have attempted to present the pathophysiological model in a clear way. Still, the
principles on which it is based and its mechanisms are complex, and their understanding
requires knowledge from various areas of neuroscience; the fact that hearing loss is not a
simple disease necessitates the involvement of several disciplines of health care.

The editor would like to thank Ms. Iva Lipović for her support in the preparation of this
book.

Special thanks go to the chapter authors.

Fayez Bahmad Jr., MD, PhD
President of the Brasiliense Institute of Otolaryngology

Professor at the Health Science Faculty,
University of Brasilia,

Brasil
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Chapter 1

Cochlear Model for Hearing Loss

Miriam Furst

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61189

Abstract

In many psychoacoustical tasks, hearing-impaired subjects display abnormal audiograms
and poor understanding of speech compared to normal listeners. Existing models that ex‐
plain the performance of the hearing impaired indicate that possible sources for cochlear
hearing loss may be the dysfunction of the outer and inner hair cells. In this study, a
model of the auditory system is introduced. It includes two stages: (1) a nonlinear time
domain cochlear model with active outer hair cells that are driven by the tectorial mem‐
brane motion and (2) a synaptic model that generates the auditory nerve instantaneous
rate as a response to the basilar membrane motion and is affected by the inner hair cell
transduction efficiency. The model can fit both a normal auditory system and an abnor‐
mal auditory system with easily induced pathologies.

In typical psychoacoustical detection experiments, the ability of subjects to perceive a
minimum difference in a physical property is measured. We use the model presented
here to predict these performances by assuming that the brain behaves as an optimal pro‐
cessor that estimates a particular physical parameter. The performance of the optimal
processor is derived by calculating its lower bound. Since neural activity is described as a
nonhomogeneous Poisson process whose instantaneous rate was derived, the Cramer–
Rao lower bound can be analytically obtained for both rate coding and all information
coding.

We compared the model predictions of normal and abnormal cochleae to human thresh‐
olds of pure tones in quiet and in the presence of background noise.

Keywords: Cochlear model, outer hair cell, audiogram, hearing impairment, auditory
nerve

1. Introduction

When sound waves enter the ear, they cause the basilar membrane (BM) that is located in the
inner ear to vibrate. Since each place on the BM is tuned to a specific characteristic frequency

© 2015 The Author(s). Licensee InTech. 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.



(CF), the BM is able to separate the frequency components of sounds. The BM vibrations excite
both the outer hair cells (OHC) and the inner hair cells (IHC). The OHCs act as local amplifiers,
while the IHCs transduce the sound-induced vibrations into electrical impulses that propagate
up the auditory cortex through the fiber tracks of the auditory pathway where the neural
information is processed in a set of nuclei located in the auditory brainstem.

Damage can occur to the auditory system at any point along the auditory pathway. One of the
most common impairments is OHC loss, frequently due to noise exposure. Often, when there
is OHC loss , it is followed by IHC loss. Various diseases or old age can also injure different
neurons along the auditory pathway.

Hearing impairment is characterized by abnormal audiograms and poor understanding of
speech. The most frequent complaint is the inability to understand speech in a noisy environ‐
ment. In many psychoacoustical tasks, hearing-impaired subjects yield lower thresholds than
normal listeners (review by Moore [1]). For example, in monaural experiments, hearing-
impaired subjects perform poorly in frequency discrimination tasks and in signal detection
with a noisy background.

Models explaining the performance of hearing-impaired people [e.g., 2–9] indicate that the
possible sources for cochlear hearing loss are the dysfunction of the outer hair cells and the
loss of inner hair cells. The dysfunction of the OHCs reduces the gain of the active mechanism,
which then tends to broaden the tuning curve and decrease the nonlinear effects. However,
these models do not adequately predict hearing impairment performance [10, 11].

The purpose of this chapter is to introduce a comprehensive, nonlinear time domain cochlear
model [6, 12–14], followed by a model of the auditory nerve (AN) response [7, 13, 16, 17] that
can be used to predict hearing abilities of people with normal cochlea as well as with abnormal
cochlea that suffers from either OHC loss and/or IHC loss.

Quantitative psychoacoustical measures that determine the human ability to detect the
smallest difference in the physical property of a stimulus are usually implemented by forced-
choice experiments. This difference is referred to as a “just-noticeable difference” (JND). Siebert
[18] showed that if one assumes that the brain is behaving as an optimal processor, then
psychoacoustical JND measurements can be predicted from auditory nerve instantaneous
rates. In this chapter, we use this approach to compare the model predictions to human hearing
thresholds, both normal and impaired, in both a quiet environment and in the presence of
background noise.

2. The human ear model

The mammalian ear is composed of the outer ear, the middle ear, and the inner ear. The outer
ear includes the pinna, the ear canal, and the ear drum. The middle ear is an air-filled cavity
behind the ear drum, which includes three small ear bones, the ossicles. The inner ear includes
a snail-shaped structure, the cochlea (see schematic description in Figure 1A).The sound is
directed by the outer ear through the ear canal to the eardrum. When sound strikes the ear
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drum, the movement is transferred through the three bones of the middle ear to a flexible tissue
called the oval window, finally reaching the upper fluid-filled ducts of the cochlea (see Figure
1). The upper cochlear ducts are called scala vestibuli, and the bottom duct is referred to as
scala tympani. The space between the top and bottom ducts is labeled as scala media.

The middle ear’s task is to match the impedance of the sound pressure in the air to that of the
fluid. Movement of the fluid inside the upper cochlear duct results in a pressure difference
between the upper and lower ducts. This pressure difference in turn causes the basilar
membrane (the membrane that separates the scala tympani and scala media) to move.

Two types of auditory receptor cells inhabit the scala media, the inner and outer hair cells. The
defining feature of those cells is the hair bundle on top of each cell. The hair bundle comprises
dozens to hundreds of streocilia, which are cylindrical actin-filled rods. The streocilia are
immersed in endolymph, a fluid that is rich in potassium and characterized by an endocochlear
potential of +80 mV. The streocilia move with the basilar membrane displacement. Their
deflection opens mechanically gated ion channels that allow any small, positively charged ions
(primarily potassium and calcium) to enter the cell. The influx of positive ions from the
endolymph in the scala media depolarizes the cell, resulting in a receptor potential. The roles
of the OHCs and IHCs on the function of the cochlea are very different. While the OHCs act
as local amplifiers, the IHCs innervate the auditory nerve. The OHCs lay on the basilar
membrane, and their upper part is embedded in a gel-like membrane, the tectorial membrane
(TM). An increase in the OHC receptor potential causes a decrease in its length [19], which in
turn enhances the BM movement. The hair bundles of the IHC move freely in the scala media.
The change in their receptor potential opens voltage-gated calcium channels that release
neurotransmitters at the basal end of the cell, which trigger action potentials in the attached
nerve.

Figure 1. Schematic representation of the cochlea: (A) the snail-shaped structure of the cochlea; (B) schematic descrip‐
tion of the Organ of Corti, emphasizing that the BM and the TM are attached by the OHCs.

Modeling the human ear requires a detailed model of the cochlea and the middle and outer
ears. A common approach is to model the inner ear as a one-dimensional structure [e.g., 6, 14,

Cochlear Model for Hearing Loss
http://dx.doi.org/10.5772/61189
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20–23] with the cochlea regarded as an uncoiled structure with two fluid-filled compartments
with rigid walls that are separated by an elastic partition, the basilar membrane. The cochlear
partition, whose mechanical properties are describable in terms of point-wise mass density,
stiffness, and damping, is regarded as a flexible boundary between scala tympani and scala
vestibuli. Thus, at every point along the cochlear duct, the pressure difference P(x, t) across
the partition drives the partition’s velocity. By applying fundamental physical principles, such
as the conservation of mass and the dynamics of deformable bodies, the differential equation
for P  is obtained by [e.g. 6]

( ) ( )xrb¶ ¶
=

¶ ¶

2 2
bm

2 2

, ,2 ,
P x t x t

Ax t
(1)

where ξbm is the BM displacement, A represents the cross-sectional area of scala tympani and
scala vestibuli, β is the BM width, and ρ is the density of the fluid in both the scala vestibuli
and the scala tympani. The pressure on the BM (Pbm) is a result of both the difference in fluid
pressure and the pressure caused by the OHCs (Pohc). The relation between the pressures of
BM, TM, and OHC is shown in Figure 1 [13], which can be interpreted as

( ) ( ) ( )
( ) ( )

ü= + ï
ý

= + ïþ

bm ohc

ohc tm

, , ,
.

0 , ,
P x t P x t P x t

P x t P x t
(2)

The mechanical properties of both BM and TM are simulated as second-order oscillators that
yield

( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

x x
x

x x
x

ü¶ ¶
= × + × + × ïï¶¶

ý
¶ ¶ ï= × + × + × ï¶¶ þ

2
bm bm

bm bm bm bm bm2

2
tm tm

tm tm tm tm tm2

, , , ,
,

, , , ,

P x t M x x t R x x t K x x t
tt

P x t M x x t R x x t K x x t
tt

(3)

where Kbm, Ktm, Rbm, Rtm, Mbm, and M tm are the effective stiffness, damping, and mass per unit
area of BM and TM, respectively (see Table 1). The TM displacement is defined as ξtm.

Since the OHCs lie between the two membranes, their displacement is considered as

x x x= -ohc tm bm. (4)

Each OHC is modeled by two sections, the apical and basal parts. The apical part is directed
toward the endolymph of the gap between the TM and the reticular lamina (RL), while the
basolateral part is embedded in the perilymph next to the supporting cells that are aligned
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along the BM. When the OHCs’ stereocilia move due to the relative displacement of the BM
and the TM, the conductance of the apical part of the OHC is affected, which in turn causes a
flow of potassium and calcium ions to the endolymph. Thus, a voltage drop is developed on
the basal part of the OHC membrane [24].

An outer hair cell model is described by an equivalent electrical circuit in Figure 2 [6, 25]. The
apical part is presented by its variable conductance (Ga≈α ⋅ξohc) and its constant capacitance
(Ca), while the basal part is presented by its constant conductance and capacitance, Gb and Cb,
respectively. The electrical potential of the endolymph is V sm =80 mV, and the perilymph
resting potential is ψ0 = −70 mV. Solving the equivalent electrical circuit by using Kirchhoff laws
[6] yields the differential equation for ψohc, the OHC’s membrane voltage:

( )y
w y y h x+ × - = ×ohc

ohc 0 ohc ,
d

dt
(5)

where ωohc≈Gb / Cb =1000 Hz, which represents the cutoff frequency of the OHC’s membrane
and η =α ⋅V sm / (Cb + Ca)=const. (see Table 1).

Figure 2. The equivalent electrical circuit of the outer hair cell.

An OHC’s length changes due to the electrical potential developed on the OHC membrane
and is defined as Δlohc. It is usually described as a sigmoid function [26–28]:

( )

( ) ( )
a y

a y
a a a y

- × ×

- × ×

-
D = = - ×

+

2

ohc 2

1 tanh ,
1

l

l
s s l

el
e

(6)
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where αl  and αs are constants (see Table 1).

The pressure developed by each OHC (Pohc) is obtained from the spring properties of the OHC
[6]. Let’s define γohc(x) as the OHC effective index. It represents the effective distribution of
the OHCs along the cochlear partition. Therefore, the OHC pressure is obtained by

( ) ( ) ( ) ( ) ( )g xé ù= × × - Dë ûohc ohc ohc ohc ohc, , , ,P x t x K x x t l x t (7)

where Kohc is the OHC’s stiffness (Table 1). A cochlea with no active OHC is obtained by
γohc(x)=0, whereas 0.5≤γohc(x)≤0.6 yielded an optimal cochlea that best fits physiological data
[13].

The ear model described by Eqs. (1)–(7) is solved by applying initial and boundary conditions.
The boundary conditions are

( ) ( )
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where αl  and αs are constants (see Table 1).
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Parameter Value Description

A 0.5 Cross-sectional area of the cochlea scalae  cm2

ρ 1 Perilymph density g/cm3

β 0.003 Width of the basilar membrane [cm]

L co 3.5 Cochlear length [cm]

Kbm 1.282⋅104e −3x Basilar membrane stiffness per unit area g/cm2/s2

Rbm 0.25⋅ e −0.6x Basilar membrane damping per unit area g/cm2/s

Mbm 1.286⋅10−6 Basilar membrane mass per unit area g/cm2

Ktm 3.97⋅105e −3x Tectorial membrane stiffness per unit area g/cm2/s2

Rtm 0.25⋅ e −0.6x Tectorial membrane damping per unit area g/cm2/s

M tm 0 Tectorial membrane mass per unit area g/cm2

Kohc 400⋅ e −3x Outer hair cell membrane’s stiffness g/s2

αs 10−6 Peak to peak electromotility displacement cm

1 /αl 2⋅10−6 Reference electromotility voltage [V]

ωohc 2⋅π ⋅1000 Outer hair cell cutoff frequency rad/s

ψ0 −70⋅10−3 Perilymph resting potential [V]

η 3.14⋅109 V/cm/s

ωow 2⋅π ⋅1500 Oval window cutoff frequency [Hz]

σow 0.5 Oval window aerial density g/cm2

γow 2⋅104 Oval window resistance 1 / s

Cow 6⋅10−3 Coupling of oval window to perilymph [none]

Γme 21.4 Mechanical gain of ossicles [none]

ηAC 1 IHC AC coupling [V/s/cm]

ηDC 100 IHC DC coupling [V/cm]

Δ 2⋅10−3 IHC integration time [s]

Aihc 1 AN coupling [spikes/s/V]

λspont
H 60 High spontaneous rate [spikes/s]

λspont
M 3 Medium spontaneous rate [spikes/s]

λspont
L 0.1 Low spontaneous rate [spikes/s]

λsat 500 Saturation rate [spikes/s]

AH 70 Effective level threshold for high spontaneous rate [dB]

AM 50 Effective level threshold for medium spontaneous rate [dB]

AL 30 Effective level threshold for low spontaneous rate [dB]

Table 1. List of model parameters
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2.1. Simulation results: The effect of outer hair cells loss

The above cochlear model was solved in the time domain by implementing a parallel algorithm
on a commodity graphics processor unit (GPU) [14].The output of the model is the BM velocity
(ξ̇bm(x, t)) as a response to an acoustic stimulus Pin(t).

Figure 3 represents the basilar membrane velocity relative to the input level at two points along
the cochlear partition. The response was obtained by applying the model for a set of simple
tones P0sin(2πft) with a frequency of 100 Hz< f <8 kHz at different levels 0< P0 ≤120 dB SPL. The
gain plotted in Figure 3 was derived by | ξ̇bm(x)| / P0, where x =0.67 cm from the stapes (Figure
3A) and x =1.8 cm from the stapes (Figure 3B). Each solid line was obtained from a different
level for a normal cochlea (γohc(x)=0.5). The broken line represents an abnormal cochlea with
100% OHC loss, which was derived by the model by substituting γohc(x)=0. For the normal
cochlea, the maximum sensitivity at x =0.67 cm from the stapes (Figure 3A) was obtained when
the stimulus was at 4 kHz and 0 dB SPL. The sensitivity is reduced with the increase in the
input level, and the maximum sensitivity was shifted to a lower frequency (about 1 kHz). These
results are in agreement with experimental results [30]. Figure 3B represents a characteristic
frequency of 1 kHz that yielded wider responses as a function of frequency for all input levels.
However, the gain of the damaged cochlea (broken line in Figure 3) was independent of the
input level at both locations. When substituting γohc(x)=0 in the cochlear model’s equations,
the nonlinear terms are zeroed and the model becomes linear.

Figure 3. Derivation of the basilar membrane gain ( | ξ̇bm(x0)| / P0) as a function of input frequency at two locations
along the cochlear partition: x = 0.67 cm from the stapes (A) and x = 1.8 cm from the stapes (B). Each solid line repre‐
sents a different input level and a normal cochlea (γohc =0.5). The broken line represents a damaged cochlea

(γohc =0). A similar gain was obtained for all input levels.

Figure 5 represents the relative BM velocity obtained by the model when the Hebrew word
“SHEN” was introduced. The input word is presented in Figure 4 as a function of time (upper
panel) and by its spectrogram (lower panel).
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The absolute BM velocity in dB is presented in a color-coded two-dimensional image, whose
x-axis represents the poststimulus time in milliseconds with its y-axis representing the distance
from the stapes in cm. There are four images in Figure 5. The images in the left column represent
a relative low input level (20 dB SPL), while the images in the right column represent an input
level of 70 dB SPL. The upper panels represent a damaged cochlea with a 98% OHC loss
(γohc =0.01), while the lower panels represent a normal cochlea (γohc =0.5). The difference
between the normal and the damaged cochleae is clearly demonstrated in Figure 5 in both
levels. In the damaged cochlea, the low-level stimulus yielded a BM vibration, which most
likely will not be sufficient to evoke the neural response. Note that the maximum difference
in the BM velocity between the normal and the damaged cochlea in response to the low-level
stimuli is almost 40 dB. However, the maximum response between the two cochleae for the 70
dB input level is only 6 dB. This difference was induced by the nonlinear properties of the
OHCs in the normal cochlea.

Figure 4. The Hebrew word “SHEN” pronounced by a female speaker. The sound pressure as a function of time (up‐
per panel) and the correspondent spectrogram (lower panel).

The BM velocity in response to the consonant “sh” is very different in the four images in Figure
5. The maximum response was shifted toward the stapes when the amplitude was increased
in the normal cochlea. In response to the high level stimuli, the maximum BM velocity obtained
was closer to the stapes in the damaged cochlea than in the normal one.

3. Model of the Inner hair cell—auditory nerve synapse

The basilar membrane motion is transformed into neural spikes of the auditory nerve by the
inner hair cells. The deflection of the hair-cell stereocilia opens mechanically gated ion channels
that allow any small, positively charged ions (primarily potassium and calcium) to enter the
cell [31]. Unlike many other electrically active cells, the hair cell itself does not fire an action
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potential. Instead, the influx of positive ions from the endolymph in the scala media depolar‐
izes the cell, resulting in a receptor potential. This receptor potential opens voltage-gated
calcium channels; calcium ions then enter the cell and trigger the release of neurotransmitters
at the basal end of the cell. The neurotransmitters diffuse across the narrow space between the
hair cell and a nerve terminal, where they then bind to receptors and thus trigger action
potentials in the nerve. In this way, the mechanical sound signal is converted into an electrical
nerve signal. The IHCs chronically leak Ca+2. This leakage causes a tonic release of neuro‐
transmitter to the synapses. It is thought that this tonic release is what allows the hair cells to
respond so quickly to mechanical stimuli. The quickness of the hair cell response may also be
due to that fact that it can increase the amount of neurotransmitter release in response to a
change as little as 100 μV in membrane potential.

Many models were developed for explaining the IHC’s transduction abilities [16, 32, 33]. Some
models focused on possible mechanisms for adaptation [17, 34–36]. Others were concerned
with the biophysics of hair cells [37, 38] or the mechanoelectric transduction process [39].

One commonly simplified modeling approach to explain the IHC’s role in the auditory system
posits a nonlinear system that combines AC and DC responses followed by a random generator
that creates spike trains [7, 16, 17, 40]. The model presented in this chapter is consistent with
these principles.

The BM displacement stimulates the IHC cilia to move, its velocity ξ̇ihc corresponding to the
BM velocity (ξ̇bm) by a nonlinear function, e.g.,

( ) ( ) ( )a x a x
x a a x a a x
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ê ú
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Figure 5. Relative BM velocity as a function of time along the cochlear partition as a response to the word “SHEN.”
The upper panels represent a damaged cochlea with outer hair cells loss and the lower panels represent a normal coch‐
lea.
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Since the BM displacement in this model is nonlinear as described by the mechanical model
above, we ignore the nonlinear terms in Eq. (11) and assume that α1 ⋅α2 =1 ; therefore,
ξ̇ ihc ≈ ξ̇bm.

The mechanoelectrical receptors that are located in the IHC membrane yield an increase in the
electrical potential (ψihc) of the IHC membrane. A common modeling approach for the IHC’s
role in the auditory system is based on a nonlinear system that combines AC and DC responses
[7, 40]. The DC level represents the firing responses without any synchrony to the input stimuli
and the AC level represents the synchronized firing response (typical at low frequencies). The
DC component includes a high-pass filter followed by a moving average filter of 2 ms long;
the AC component consists of a low-pass filter. In order to account for physiological observa‐
tions that demonstrated a reduction in synchronization as the frequency of the stimulus
increases[41], we chose a low-pass filter with a cutoff frequency of 1000 Hz, with a slope of 30
dB/decade. In practice, ψihc is obtained by
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where x represents the location of the IHC along the cochlear partition, h ihc(t) is the impulse
response of the low-pass filter that represents the IHC response, and ηAC, ηDC, and Δ are
constants (see Table 1). The parameter γihc(x) represents the IHC efficiency index. It was
defined as a function of x, to allow variability in IHC efficiency along the cochlear partition.
For normal cochlea, we chose γihc(x)=8,  which was found to match experimental data. The
efficiency of the IHC is reduced with a decrease of γihc(x).

This IHC receptor potential opens voltage-gated calcium channels; calcium ions then enter the
cell and trigger the release of neurotransmitters at the basal end of the cell. The neurotrans‐
mitters diffuse across the narrow space between the hair cell and a nerve terminal where they
then bind to receptors and thus trigger action potentials in the nerve.

The neural activity in the auditory system is irregular since a specific neuron might respond
with a single spike or several spikes to a given stimuli [42].  The origin of the stochastic
activity of neurons is poorly understood. This activity results in both intrinsic noise sources
that generate stochastic behavior on the level of the neuronal dynamics and extrinsic sources
that arise from network effects and synaptic transmission [43]. Another source of noise that
is specific to neurons arises from the finite number of ion channels in a neuronal mem‐
brane patch [31, 44].

There are a number of different ways that have emerged to describe the stochastic properties
of neural activity. One possible approach relates to the train of spikes as a stochastic point
process. For example, in their earlier studies, Alaoglu and Smith [45] and Rodieck et al. [46]
suggested that the spontaneous activity of the cochlear nucleus can be described as a homo‐
geneous Poisson process. Further investigations of the auditory system described the neural
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response as a nonhomogeneous Poisson point process (NHPP) whose instantaneous rate
depends on the input stimuli [47, 48].

In the present chapter, we relate to the neural activity as NHHP, and thus only the instanta‐
neous rate (IR) should be extracted. In order to derive IR, we use the Weber–Fechner law,
which describes the relationship between the magnitude of a physical stimulus and the
intensity or strength that people feel. This kind of relationship can be described by a differential
equation:

=
dSdP K
S

where dP  is the differential change in perception, dS  is the differential increase in the stimulus,
and S  is the stimulus at the instant. Integrating the above equation reveals P =k ⋅ lnS + C . Let
us define λAN(x, t) as the IR obtained by the auditory fiber attached to location x along the
cochlear partition, and let us assume that it relates to the perception of the physical parameter.
On the other hand, ψihc(x, t), the IHC electrical potential corresponds to the stimulus. There‐
fore, by applying the Weber–Fechner law, we obtained the relationship
λAN(x, t)= ln(ψihc(x, t)) + C . However, the AN’s IR should satisfy the following conditions:
0<λspont ≤λAN(x, t)≤λsat, where λspont  and λsat  are the spontaneous and saturation rates of the
AN, respectively. Therefore, λAN(x, t) is obtained by

( ) ( )( ){ }{ }l l l y= × +AN sat spont ihc ihc, min ,max , ln 1 ( , ,x t A u x t (13)

where u is the step function and Aihc is a constant (see Table 1).

In general, the auditory nerve response is divided into three types of fibers according to their
spontaneous rates: a high spontaneous rate (HSR) that usually codes low-level stimuli, a
medium spontaneous rate (MSR), and a high spontaneous rate (LSR) that generally codes high
level stimuli. In order to include all types of auditory nerves, we substitute in Eq. (13) the
relevant constants λspont

(H) , AH; λspont
(M) , AM;  λspont

(L) , AL  for the HSR, MSR, and LSR that yield the
instantaneous rates λAN

(H)(x, t), λAN
(M)(x, t), λAN

(L)(x, t) , respectively. The different types of ANs
are distributed uniformly along the cochlear partition, where the most frequent fibers are those
with a low spontaneous rate (about 60%).

The IRs (spikes per second) for the LSR fibers, λAN
(L)(x, t), as a response to the Hebrew word

“SHEN” are exhibited in Figure 6 by color-coded images as a function of time (x-axis) and
along the cochlear partition (y-axis). The basilar membrane velocity as a response to this word
was shown in Figure 5 for two different levels. In Figure 6, the response to the high level
stimulus (70 dB SPL) is displayed. Four images are presented in Figure 6, each representing a
different type of cochlea. Each cochlea is defined by the two indices, γohc and γihc, which
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represent the efficiency of the OHC and IHC, respectively. In this example, both indices were
constant along the cochlear partition. For normal cochlea, we chose γohc =0.5 and γihc =8 ; these
values exhibit the best fit to experimental data [13].

The upper-left image in Figure 6 represents a normal cochlea (γohc =0.5; γihc =8). The upper-right
image corresponds to a cochlea with intact OHC but with 25% IHC loss (γihc =6). A clear
reduction in the instantaneous rate is shown. The maximum instantaneous rate was reduced
from 160 spikes/s in the normal cochlea to 100 in the damaged one. Moreover, in the damaged
cochlea, about 25% more instances (time and location along the cochlear partition) reached the
spontaneous rate 0.1 spikes/s relative to the normal cochlea.

The two lower images in Figure 6 represent cochleae with 98% OHC loss (γohc =0.01). The BM
response was changed as Figure 5 shows. Thus, the reduction in the instantaneous rate
corresponds entirely to the decrease in BM velocity when the cochlea has intact IHCs (lower-
left image). For a cochlea with both OHC and IHC loss (lower-right image), the instantaneous
rate was reduced because of both losses. The response to the high frequencies that correspond
to the syllable “SH” almost vanished.

Figure 6. Derived instantaneous rates as a response to the Hebrew word “SHEN” at 70 dB SPL. Each panel represents
a different type of ear. The upper-left panel represents a normal cochlea. The upper-right panel represents a cochlea
with IHC loss. The lower-left panel represents a cochlea with OHC loss and the lower-right panel represents both IHC
and OHC loss.

4. Threshold estimation based on the auditory nerve

The hearing threshold, defined as the lowest threshold of acoustic pressure sensation, is
usually determined by quantitative psychoacoustical experiments in which the human ability
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to detect the smallest difference in the stimulus’ physical property is obtained. This difference
is referred to as a just-noticeable difference (JND). In such experiments, a subject must
distinguish between two close time (t) dependent stimuli: s(t , α) and s(t , α + Δα), where α is a
given physical property. The JND(α) will be the minimum Δα a person can perceive. The
parameter α represents any physical property of the stimulus that can be measured such as
frequency or level in monaural stimulus.

Comparing the behavioral JND and the neural activity is possible if one assumes that the neural
system estimates the measured parameters. Siebert [18] obtained such a comparison when the
JND of a single tone’s frequency and level was compared to the neural activity of the auditory
nerve. Siebert’s findings were based on the assumption that the auditory nerve (AN) response
behaves as an NHPP, and the brain acts as an unbiased optimal estimator of the physical
parameters. Thus, the JND is equal to the standard deviation of the estimated parameter and
can be derived by lower bounds such as the Cramer–Rao lower bound. Heinz et al. [49])
generalized Sibert’s results to a larger range of frequencies and levels.

In a psychoacoustical JND experiment, the yielded JND value is obtained when d ′ =1, which
is expressed by:
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where E α̂ |α * =α * , α *  is the true value of α, and α̂ is the estimated value of α. Therefore,
d ′ =1, yields the relations Δα = std (α̂ |α * ), which implies

( ) ( )a a a= ˆJND * * .std (15)

When the estimation is based on neural activity that behaves as NHPP, there are two possible
ways to analyze the performance. The first way is referred to as “rate coding” (RA), which
means that the performance is analyzed on the basis of the number of spikes. The second way
is referred as “all information coding” (AI), indicating that in addition to the number of spikes
in the interval, the timing of the discharge spikes is considered as well.

Let us define N (0, T ) as the random variable that represents the number of spikes in the time
interval 0, T . For the RA coding, the probability density function (pdf) of getting n spikes in
the time interval of length T is obtained by
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where λ(t , α) is the instantaneous rate of the nerve fiber that depends on both the time t  and
the physical parameter α. Given the RA pdf (Eq. (16)), the resulting Cramer–Rao lower bound
(CRLB) is obtained by [50]

( ) ( )
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where λ̄(α)=
1
T ∫

0

T

λ(t , α)dt is the average rate.

For the AI coding, the probability density function of getting n successive neural spikes at a
set of time instances is t1, t2, …, tn , where 0≤ t1 < t2 < … < tn ≤T  is obtained by
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The resulting CRLB was derived by Bar David [51], which yields
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In every unbiased system, the following relations hold:

( ) ( ) ( )a a a aé ù ³ ³ë û RATE AIˆ * CRLB * CRLB * .std (20)

In an optimal unbiased system, the standard deviation of the estimator can achieve the lower
bounds. Since JND(α * )= std (α̂ |α * ) (Eq. 15), JND(α * ) can be estimated by calculating
CRLBRA(α * ) or CRLBAI(α * ). Comparing the estimated thresholds to experimental results can
resolve the question whether the brain estimates the auditory thresholds according to RA or
AI coding.

In order to apply the above-mentioned method for determining the auditory threshold, we
should consider the responses of all 30,000 AN fibers that innervate each ear. Since the AN
fibers are statistically independent [2], the d′ theorem can be applied, which yields
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where M is the number of nerve fibers and dm ' is the d′ (Eq. 14) that was derived for the mth
fiber. Moreover,
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where stdm(α̂ |α *) is the standard deviation of the estimator obtained by the mth fiber. Since

the threshold is obtained when d ′ =1, it implies that in an optimal system,
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where CRLBm(α *) is the CRLB of the mth fiber.

Let us define the number of fibers attached to each location along the cochlear partition as
M (x). Thus, ∑

x∈ o,L co

M (x)=30, 000, where L CO  is the cochlear length. For every location, three

IRs were derived λAN
(H)(x, t), λAN

(M)(x, t), λAN
(L)(x, t) (Eq. 13), which correspond to the HSR, MSR,

and LSR fibers, respectively. They are distributed uniformly along the cochlear partition with
corresponding weights wL, wM, wH  (see Table 1). Therefore,
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Replacing CRLB in Eq. (24) with the corresponding CRLBRA(α * ) or CRLBAI(α * ), JND(α * )is
estimated by either RATE or AI coding.

4.1. Simulation results: rate or all information?

In order to calculate both CRLBRATE(α * ) and CRLBAI(α * ), the derivative of the instantaneous
rate should be derived. We have used the following approximation:

( ) ( ) ( )
a a

l a a l a
l a a

a=

+ D -
¶ ¶ »
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* *, ,
, .

t t
t (26)

Therefore, in deriving JND(α * ) for any stimulus s(t , α *), the IRs for both stimuli s(t , α *) and
s(t , α * + Δα) should be calculated. Two types of thresholds will be presented for tones in quiet
and in the presence of noise. The quiet threshold was derived by substituting α * =0 that yielded
λ(t , α *) =λspont. For the thresholds in the presence of noise, s(t , α *) is equal to the noise, and
s(t , α * + Δα) is equal to the noise +tone with a level of Δα.

We have calculated the amplitude thresholds as a function of frequency while using both types
of coding, RA and AI. The derived thresholds are shown in Figure 7 along with normal equal-
loudness-level contour at threshold (ISO 226:2003) [52]. The rate coding successfully predicts
the ISO 226 standard while the AI coding yielded performances that are better by a few
decibels. This difference was not sufficient for deciding what type of coding is used by the
brain in order to determine the absolute thresholds. Deriving the thresholds in the presence
of noise revealed a more significant difference between the two types of coding.

Figure 7. Estimated thresholds as a function of frequency obtained by a normal cochlea according to both rate and AI
coding along with normal equal-loudness-level contour at threshold (ISO 226:2003).
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In order to present the threshold of tones in the presence of noise, the smallest perceivable
difference is presented in terms of difference limen (DL), which are defined as

a
a

æ öD
= × +ç ÷

è ø
10DL 10 log 1 ,

*
(27)

where α *  corresponds to the noise level in Volts and Δα is the derived JND of the tone level
in Volts. Figure 8 represents the DL of tones as a function of noise level for different frequencies.
The noise was Gaussian white noise. The tone thresholds were derived by both types of coding
(RA and AI), and they are presented in Figure 8 along with experimental data from Miller [54,
55]. Both types of coding succeeded in predicting the experimental result that the dependence
of DL on noise level is independent of the tone’s frequency. However, only RA coding yielded
similar values of DL as a function of noise level. The AI coding revealed DL values that were
lower by order of magnitude than the experimental result. This result convinced us that the
brain is using rate coding in order to estimate tone amplitude.

Figure 8. DL as a function of noise level as obtained by a normal cochlea according to both rate (left panel) and AI
(right panel) coding. Each color represents a different frequency. The black broken line was replotted from [55].

4.2. Simulation results: Abnormal ears

Audiograms of the hearing impaired were estimated by subtracting the threshold of the
damaged ear from the threshold defined by the equal loudness at threshold [52]. The estimated
audiograms of different types of pathologies are shown in Figure 9. In all the estimated
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audiograms, we assumed that both IHC and OHC loss were uniform along the cochlear
partition, which implies that γihc(x)=const. and γohc(x)=const.

Figure 9. Estimated audiograms for different type of pathologies. Panel A represents cochleae with different degrees of
OHC loss and intact IHC. Panel B represents cochleae with different degrees of IHC loss and intact OHC. Panel C rep‐
resents cochlea with both IHC and OHC loss.

Three audiograms are exhibited in panel A of Figure 9. They were obtained with γihc =8 (the
normal value) and three values of γohc =0, 0.125, 0.25 that represent 100%, 75%, and 50% of
OHC loss, respectively. Due to OHC loss of 50%, no hearing loss was obtained up to 2 kHz.
With 100% OHC loss, the estimated audiogram revealed a maximum hearing loss of about 60
dB at 6 kHz. Panel B of Figure 9 represents cochleae with no OHC loss (γohc =0.5) but with
different degrees of IHC loss, γihc =5, 6, 7, which represents 37.5%, 25%, and 12.5% of IHC
efficiency. Reduction in IHC efficiency caused a maximum hearing loss at 1000–2000 Hz. A
combination of IHC and OHC loss is probably a more common pathology; an example of its
effect is shown in Figure 9C. It represents cochleae with 75% OHC loss (γohc =0.125) and
different degrees of IHC loss. The maximum hearing loss was obtained at 4 kHz. The estimated
audiogram with γihc =7 resembles a typical mild audiogram while the one with γihc =5 resembles
a typical severe audiogram.

The effect of background noise on the threshold to tones is demonstrated in Figure 10, where
DL is plotted as a function of noise level for different frequencies. As a result of OHC loss,
γohc =0, and a significant increase in DL was yielded especially at high frequencies relative to
normal cochlea. The combination of IHC and OHC loss caused an increase in DL at all
frequencies. It seems that the effect of IHC loss causes an increase in DL at low frequencies
below 1000 Hz. This result might explain the difficulties of people with mild hearing loss to
understand speech in a noisy background. The information of speech sounds is mainly
included in the low frequency range.
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Figure 10. DL as a function of noise level as obtained by abnormal cochleae. Left panel represents a cochlea with 100%
OHC loss (γohc =0) and intact IHC. Right panel represents a cochlea with both IHC and OHC loss

(γohc =0.125; γihc =6). Each color represents a different frequency.

5. Summary

In this study, a comprehensive model for the auditory system was introduced. It included a
detailed, nonlinear time domain cochlear model with active outer hair cells that are driven by
the tectorial membrane motion. Outer hair cell loss was indicated by an OHC efficiency index
that could change along the cochlear partition. The second part of the model included a
synaptic model that generates the auditory nerve’s instantaneous rate as a response to basilar
membrane motion and is affected by inner hair cell transduction efficiency. Since both inner
and outer hair cell loss can be easily integrated in the model, the model is useful for demon‐
strating those pathologies.

In order to compare normal and abnormal human abilities to the model predictions, a
comprehensive technique was introduced. It was based on the assumption that the brain
behaves as an optimal processor and its task in JND experiments is to estimate physical
parameters. The performance of the optimal processor can be derived by calculating its lower
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bound. Since the neural activity was described as an NHPP, the Cramer–Rao lower bound was
analytically derived for both rate and all information coding.

In this study, we have shown that the amplitude of tones in quiet and in the presence of
background noise is most likely coded by the rate only. Pathological audiograms can be
predicted by introducing reduced OHC and IHC efficiency indices. Moreover, the presence of
noise causes a significant increase in DL. The effect of DL as a function of frequency depends
on the type of hearing loss. In general, OHC loss mostly effects the high frequencies, while the
effect of IHC loss is mostly expressed in the low frequencies.

The model presented in this paper can be used as a framework to explore different types of
pathologies on the basis of audiograms obtained in quiet and in the presence of background
noise.
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Abstract

Hearing loss is the partial or total inability to hear sound in one or both ears. People with
hearing loss make up a significant 5.3% of the world’s population. The audiogram is an
important tool used to determine the degree and type of hearing loss. This chapter
presents hearing loss classification, which can aid in clinical diagnosis and help in finding
appropriate therapeutic management. Hearing loss is classified based on ear anatomy,
type of hearing loss, degree of the disease, and configuration of the audiogram. When the
hearing loss is fully characterized, appropriate medical intervention can be assigned.

Keywords: Hearing loss, Audiometry, Conductive hearing loss, Sensorineural hearing
loss

1. Introduction

Hearing is a very important sensation for human beings. It helps to understand the surround‐
ing environment and can alert of any coming danger around us. Hearing is an essential means
of communication. Hearing loss is the impairment of the ability to hear sound. The most quiet
sounds that people can hear are between 25 and 40 decibel (dB). Anybody who suffers from
mild hearing loss has difficulty keeping up with normal conversations. People who suffer from
profound hearing loss are deaf and can hear nothing at all. Hearing loss can impact learning
and development in children, including speech and language. In adults, hearing loss can
greatly affect the overall quality of life, since it impacts social interaction and general well-
being. Consequently, hearing loss can cause many difficulties in various aspects of life. Hearing
loss can occur in different types and degrees of severity. In normal hearing, sound vibrations
pass from the outer ear through the middle ear to the inner ear. In conductive hearing loss
(CHL), vibrations cannot pass from the outer ear to the inner ear. In sensorineural hearing loss
(SNHL), there is a dysfunction in the inner ear. In mixed hearing loss, there is a combination
of conductive and sensorineural components. At the end of the inner ear (cochlea), thousands
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of auditory nerve fibers detect the high and low sound frequencies and transmit action
potentials to the brain, which interprets the signal as sound. Repeated exposure to loud noise
can damage the sound-sensitive hair cells in the inner ear, so it is important to protect hearing
from harmful environments.

2. Hearing loss

2.1. Defining hearing loss, its prevalence, and incidence

Hearing loss, the most common form of human sensory deficit, is the partial or total inability
to hear sound in one or both ears. It may be a sudden or a progressive impairment that
gradually gets worse over time. Depending on the cause, it can be mild or severe, temporary
or permanent. It may be a bilateral loss occurring in both ears or unilateral. Hearing loss may
be fluctuating, that is, varying over time—improving at times and getting worse at other times.
In other cases, hearing loss is stable, not changing at all with time. Hearing loss is caused by
many factors, including genetics, age, exposure to noise, illness, chemicals, and physical
trauma. Hearing loss may affect all ages, delaying speech and learning in children, and causing
social and vocational problems for adults. According to the World Health Organization
(WHO), there are 360 million persons in the world with hearing loss (5.3% of the world’s
population), and 32 million of whom are children [1]. The prevalence of hearing loss is
increasing in adolescents and young adults and is associated with exposure to loud music. As
for the aged, WHO reports that one-third of people above 65 years are living with disabling
hearing loss [1]. Age-related hearing loss, Presbycusis, compromises the ability to discriminate
sounds in environments with background noise. With the expected increase of 18–50% of the
aging population in the coming years, the number of people with hearing loss will conse‐
quently grow [2]. Luckily, through early diagnosis and interventions, the majority of hearing
loss cases are treatable. Understanding hearing loss and its classification is thus essential in
improving the screening methods, preventive approaches, and in the management of the
disease. A clear and concise description of the classification system for hearing loss based on
the current state of scientific knowledge is important not only for clinical diagnosis and
therapeutic management, but also for the use in medical research and education. In addition,
a clear-cut explanation of the disease can aid patients who will themselves benefit from a better
understanding of their hearing loss.

2.2. Understanding the audiogram

Hearing is examined by making the subject listen to a number of different pure tone signals
through a pair of headphones or earplugs to record air conduction. An audiometer examines
hearing ability by testing the threshold of hearing a sound signal at various frequencies (pitch,
in cycles per second or Hz). Hearing threshold may be defined as how soft a sound may get
before it becomes inaudible. Thresholds are measured in dB; the normal threshold is between
0 and 25 dB for adults and between 0 and 15 dB for children. Threshold is recorded on a graph
known as the audiogram. The audiogram presents the sound frequency (ranging from low to
high frequency) on the horizontal axis and sound intensity or loudness in dB on the vertical
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axis. Right ear thresholds are recorded as red circles on the audiogram while the left ear
thresholds are recorded as blue Xs. Figure 1 shows a typical audiogram with normal air
conduction. A bone conduction test may be performed by bypassing the outer ear and the
middle ear (also known as the air conductive pathway) to find the threshold when sound is
delivered directly to the cochlea. This is done by placing a bone conductor, which sends tiny
vibrations to the inner ear, on the mastoid process. A comparison between results from the air
conduction test (that uses tone as stimulus) and the bone conduction test provides a better
indication of whether hearing loss is due to conduction deafness or nerve deafness.

Normal Audiogram 

   Figure1. Shows a typical audiogram with normal air conduction for both ears.. 

Symbols: X, left ear air conduction. O, right ear air conduction. 

 

3. Classifying hearing loss according to: 
A. Anatomy of the ear: 

An examination with attention to the anatomy of the ear is critical 

for establishing a hearing loss diagnosis.  The auditory system is 

typically divided into three main sections: the outer, middle, and 

inner ears (Figure 2). The outer ear receives sound waves from the 

environment.   The auricle captures sound and directs it into the 

external auditory canal (EAC) that ends at a thin diaphragm called 

the tympanum or ear drum. Obstruction of the EAC with ear wax or 

Figure 1. A typical audiogram with normal air conduction for both ears. Symbols: X, left ear air conduction; O, right
ear air conduction.

2.3. Classifying hearing loss according to

2.3.1. Anatomy of the ear

An examination with attention to the anatomy of the ear is critical for establishing a hearing
loss diagnosis. The auditory system is typically divided into three main sections: the outer,
middle, and inner ears (Figure 2). The outer ear receives sound waves from the environment.
The auricle captures sound and directs it into the external auditory canal (EAC) that ends at a
thin diaphragm called the tympanum or ear drum. Obstruction of the EAC with ear wax or a
foreign body, and inflammation of the canal, the auricle, or both (otitis externa) may produce
hearing loss. Atresia, the congenital absence of the external ear canal and microtia, a congenital
deformity where the pinna is underdeveloped, also cause hearing loss. Sound travels the
middle ear as vibrations of three connected ossicles (malleus, incus, and stapes). Increase and
decrease in sound-induced air pressure push and pull the tympanum, resulting in a mechanical
response. The base of the first ossicle (the malleus) is attached to the tympanic membrane,
while the last of the ossicles (the stapes) inserts in an opening called the oval window in the
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bony inner ear, the cochlea. The vibration of the incus drives the stapes deeper into the oval
window and retracts it, pushing and pulling cyclically upon the liquid in the inner ear. The
vibrating ossicles thus allow for the delivery of sound from the air-filled outer ear to the fluid-
filled inner ear. Compromise of the middle ear’s anatomy may lead to hearing loss. For
example, bone growth in the ligamentous attachments of the ossicles can immobilize the
ossicles and lead to severe deafness in a condition termed otosclerosis. Also of significance in
the middle ear, attached to the stapes, is the stapedius muscle. This muscle contracts in
response to loud sounds, thereby decreasing sound transmission to the inner ear and protect‐
ing it from acoustic insults. The cyclic motion created by the stapes displaces a liquid mass in
the inner ear, which results in a traveling oscillating wave along the basilar membrane. The
basilar membrane is elastic at the apex of the cochlea where it is most sensitive to low fre‐
quencies. On the other hand, the basilar membrane is stiff at the base of the cochlea and
responds to high frequencies. Hair cells along the basilar membrane detect the frequency of
the stimulus. The traveling wave pushes hair cells, depolarizing them and stimulating the
afferent nerve fibers they are connected to, thereby transmitting the sound signal through the
auditory (acoustic) nerve to the brain.

membrane is elastic at the apex of the cochlea where it is most 

sensitive to low frequencies.  On the other hand, the basilar 

membrane is stiff at the base of the cochlea and responds to high 

frequencies. Hair cells along the basilar membrane detect the 

frequency of the stimulus.  The traveling wave pushes hair cells, 

depolarizing them and stimulating the afferent nerve fibers they are 

connected to, there by transmitting the sound signal through the 

auditory (acoustic) nerve to the brain. 

 

 

Figure 2. The structure of the human ear. The external ear, especially the 

prominent auricle, focuses sound into the external auditory meatus. Alternating 

Figure 2. The structure of the human ear. The external ear, especially the prominent auricle, focuses sound into the
external auditory meatus. Alternating increases and decreases in air pressure vibrate the tympanum. These vibrations
are conveyed across the air-filled middle ear by three tiny, linked bones: the malleus, the incus, and the stapes. Vibra‐
tion of the stapes stimulates the cochlea, the hearing organ of the inner ear. (Source [3]: Kandel et al. 2013 Principles of
Neural Science. 5th ed.).
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2.3.2. Type of hearing loss

Functionally, the human ear can be divided into two major divisions, the conductive division,
associated with the areas responsible for air conduction (the outer ear and the middle ear) and
the sensorineural division associated with the inner ear. Accordingly, the three main types of
hearing loss are classified as conducive, sensorineural, and mixed hearing losses.

1. CHL is a type of hearing loss characterized by having better hearing thresholds for bone-
conducted signals compared with air-conducted signals. CHL is usually associated with
dysfunction located in the outer and/or middle ear while having a normal inner ear
function. In CHL, the audiogram typically shows normal bone conduction (0–25 dB) and
abnormal air conduction threshold levels (higher than 25 dB). According to the American
Speech-Language-Hearing Association, a difference greater than 10 dB is considered a
significant air–bone gap and requires the use of masking to eliminate a response from the
ear not being tested, hence obtaining true thresholds from the test ear [4]. CHL can affect
all frequency ranges. However, the low (250–500 Hz) or low and mid-range (250 Hz–2
kHz) frequencies are most commonly affected (Figure 3). The worst scenario of CHL is a
loss of 60 dB or more. In the case of a total absence of the conductive function of the ear,
sound waves can reach the cochlea through skull vibration and fluid movement. Most of
the CHL cases are treatable with medication, surgery, amplification, assistive devices, or
a combination of these. A common cause of CHL is the absence or malformation of the
outer ear, ear canal, or middle ear structures. Atresia and microtia are such examples.
Conductive pathologies include otosclerosis and cholesteotoma. The latter being a cystic
mass of epithelial cells and cholesterol that occlude the middle ear and produce enzymes
that may destroy adjacent bones. Tympanosclerosis, a consequence of chronic otitis media,
is a condition of the middle ear cleft in which there are calcareous deposits in the tympanic
membrane and the ossicular chain leading to CHL due to stiffness and reduced mobility.
Other common causes of CHL include occlusion of the ear canal due to wax buildup or
by a foreign object, perforated or scarred eardrum, outer ear (otitis externa) inflammation,
or inner ear (otitis media) inflammation, trauma which causes injury to the tympanic
membrane and/or ossicles, fluid accumulation, allergies, dysfunction of the Eustachian
tube that normally drains fluid from the ear to the back of the throat, and benign tumors.

2. SNHL is a hearing loss that occurs as a result of damage in the cochlea or beyond, that is,
either along the 8th cranial nerve or in the brain. SNHL can cause complete loss of hearing,
despite the outer ear and middle ear being normal. Individuals with SNHL demonstrate
similar air and bone conduction thresholds. The sensory component is usually due to the
damage to the organ of Corti or to an inability of hair cells to stimulate the auditory nerve.
The neural component refers to when damage is proximal to the cochlea and auditory
nerve; the term retrocochlear damage is also used. SNHL may be the result of perinatal
infections such as rubella, herpes, toxoplasmosis, syphilis, and cytomegalovirus. Birth
complications associated with SNHL include asphyxia and low birth weight. Later onset
causes of SNHL include infections such as meningitis, labyrinthitis, mumps, scarlet fever,
and measles. Long exposure to loud noise induces SNHL by direct mechanical damage
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of inner ear structures. The US Occupational Safety and Health Administration require
ear protection in the work area when an average exposure of 85 dB is reached. Severe
SNHL may also occur after sudden exposure to a loud noise at 120–155 dB, for example
from explosions, fireworks, gunfire, and music concerts. Other causes of SNHL include
malformation of the inner ear, aging, Meniere’s disease, drug-induced ototoxicity, and
tumors such as acoustic neuroma. SNHL often cannot be reversed. Figure 4 shows an
audiogram with SNHL.

   Sensorineural Hearing Loss 

 

Figure 4. Shows an audiogram with sensorineural  hearing loss at high frequencies 

for the left ear. Both air conduction and bone conduction of high frequencies are 

in the mild ( 26 -40 dB) to moderate range (41 -55 dB) of hearing loss. Symbols: X, 

left ear air conduction.  >, left ear bone conduction. 

 

4. Mixed hearing loss is a type of hearing loss that has a combination of 

conductive and sensorineural damage in the same ear. Cases where both 

an air–bone gap greater than 10 dB and an elevated bone conduction 

threshold are observed suggest a mixed hearing loss.  While the conductive 

component may be treated, the sensorineural component is more of a 

challenge. Figure 5 shows an audiogram with mixed hearing loss. 

 

Figure 4. An audiogram with SNHL at high frequencies for the left ear. Both air conduction and bone conduction of
high frequencies are in the mild (26–40 dB) to moderate range (41–55 dB) of hearing loss. Symbols: X, left ear air con‐
duction; >, left ear bone conduction.

ossicles, fluid accumulation, allergies, dysfunction of the eustachian 

tube that normally drains fluid from the ear to the back of the 

throat, and benign tumors. 

 

    Conductive Hearing Loss 

 

Figure 3.  Shows an audiogram with conductive hearing loss for  the left ear. The 

bone conduction is within normal range (0 – 25 dB) and the air conduction is in 

moderate – moderately severe range (moderate range: 41 – 55 dB, moderately 

severe:  56-70 dB). Symbols: X, left ear air conduction.  >, left ear bone conduction. 

3. Sensorineural hearing loss (SNHL) is a hearing loss that occurs as a result 

of damage in the cochlea or beyond i.e., either along the 8th cranial nerve 

or in the brain.  SNHL can cause complete loss of hearing, despite the outer 

Figure 3. An audiogram with CHL for the left ear. The bone conduction is within normal range (0–25 dB) and the air
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of inner ear structures. The US Occupational Safety and Health Administration require
ear protection in the work area when an average exposure of 85 dB is reached. Severe
SNHL may also occur after sudden exposure to a loud noise at 120–155 dB, for example
from explosions, fireworks, gunfire, and music concerts. Other causes of SNHL include
malformation of the inner ear, aging, Meniere’s disease, drug-induced ototoxicity, and
tumors such as acoustic neuroma. SNHL often cannot be reversed. Figure 4 shows an
audiogram with SNHL.
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throat, and benign tumors. 
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2. Mixed hearing loss is a type of hearing loss that has a combination of conductive and
sensorineural damage in the same ear. Cases where both an air–bone gap greater than 10
dB and an elevated bone conduction threshold are observed suggest a mixed hearing loss.
While the conductive component may be treated, the sensorineural component is more
of a challenge. Figure 5 shows an audiogram with mixed hearing loss.

Mixed Hearing Loss 

 

Figure 5. Shows an audiogram with mixed hearing loss for the left ear. Both air 

conduction and bone conduction are in the abnormal range, with the air-bone gap 

generally greater than 10 dB. Symbols: X, left ear air conduction. > , left ear bone 

conduction. 
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Figure 5. An audiogram with mixed hearing loss for the left ear. Both air conduction and bone conduction are in the
abnormal range, with the air–bone gap generally greater than 10 dB. Symbols: X, left ear air conduction; >, left ear bone
conduction.

2.3.3. Degree of hearing loss

Hearing loss can be classified according to the severity or degree of the disease. Hearing losses
between 26 and 40 dB are considered mild, 41 and 55 dB moderate, 56 and 70 dB moderately
severe, 71 and 90 dB severe, and greater than 91 dB profound (Table 1) [5, 6]. Severity of hearing
loss is based on thresholds at individual frequencies. Once the type and degree of loss are
established, an appropriate intervention may be assigned. This may include hearing aids, aural
rehabilitation, cochlear implants, medical intervention, or surgery.

2.3.4. Configuration of hearing loss

Hearing losses may be categorized according to the audiometric configuration, that is, the
shape or pattern of the audiogram across the frequency spectrum [7]. The configuration of an
audiogram will tell you which sounds are best heard. A hearing loss that is more or less the
same at all frequencies is depicted as a straight horizontal line on the audiogram and is thus
appropriately called a flat configuration. In this configuration, thresholds across frequencies
do not vary more than 20 dB from each other. In other words, a person with this type of loss
needs the same amount of loudness to hear a sound regardless of the pitch. A person with a

Classification of Hearing Loss
http://dx.doi.org/10.5772/61835

35



sloping configuration has little or no hearing loss at low frequencies, severe loss at mid-
frequency range, and profound loss at the higher frequencies. Ski-slope loss is another name
for this configuration because the audiogram looks much like a ski slope with the top of the
hill on the left and the slope dropping down to the right. Inversely, a rising configuration
indicates that high-frequency sounds can be better heard than low-frequency sounds. This is
a rare type of audiogram, an extreme example would be a person who is unable to hear thunder
or explosive noise but can hear whispers across a room. Someone suffering from cookie-bite
or U-shaped configuration hearing loss has one or more adjacent thresholds between 500 and
4,000 Hz ≥ 20 dB and so is likely to experience difficulty in hearing mid-frequency sounds,
while maintaining the ability to hear high- and low-frequency sounds. Usually it is genetic;
this type of hearing loss may progress over time. A noise-notched configuration indicates a
hearing loss mostly between 3 and 6 kHz, while lower and higher frequencies are not affected.
This configuration is observed in hearing loss due to noise exposure since sensory cells in the
cochlea are more prone to noise damage in the 3-6 kHz frequency range than lower and higher
frequencies. High-frequency configuration would show good hearing in the low frequencies
and poor hearing in the high frequencies. Figure 6 shows the different configurations of
hearing loss.

3–6 kHz since sensory cells in the basal portion of the cochlea are more 

prone to noise damage in these frequencies than those of a lower and 

higher frequencies.  This hearing loss will appear in the audiogram as 

thresholds that reach a maximum between 3–6 kHz and then return 

toward the normal level at higher frequencies, forming a  noise-notched 

configuration. High frequency configuration would show good hearing in 

the low frequencies and poor hearing in the high frequencies. 

 

 

 

 
 

Figure 6. Hearing loss configurations

Figure 6. Hearing loss configurations.

Degree of hearing loss Hearing threshold (dB HL)

Normal hearing –10–15

Slight 16–25

Mild 26–40

Moderate 41–55

Moderately severe 56–70

Severe 71–90

Profound >91

Table 1. Degree of hearing loss based on the hearing threshold. Source [5]: Clark JG: Uses and abuses of hearing loss
classification. ASHA. 1981, 23:493–500.
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Abstract

Deafness is one of the most common communication disorders in humans. Approximate‐
ly one out of every thousand infants is born with a significant hearing deficit. The preva‐
lence of hearing loss increases dramatically with age. By age 65 years, one out of three of
us will suffer from hearing impairment sufficient to interfere with the understanding of
speech. Hearing impairment is a very heterogeneous disorder with a wide range of caus‐
es. Worldwide, estimates from the World Health Organization are that hearing loss af‐
fects 538 million people. Hearing loss may be classified into three types: sensorineural,
involving the inner ear, cochlea, or the auditory nerve; conductive, when the outer or
middle ear structures fail to optimally capture, collect, or transmit sound to the cochlea;
and mixed loss, which is a combination of conductive and sensorineural hearing loss. In
this chapter, we propose to briefly define each cause of hearing loss as follows: (1) outer
ear causes (congenital, infection, trauma, tumor, dermatologic, and cerumen), (2) middle
ear causes (congenital, eustachian tube dysfunction, infection, tumors, otosclerosis, tym‐
panic membrane perforation, middle ear barotrauma, and vascular), and (3) inner ear
causes (congenital or hereditary, presbycusis, infection, Ménière disease, noise exposure,
inner ear barotrauma, trauma, tumors, endocrine/systemic/metabolic, autoimmune hear‐
ing loss, Iatrogenic, ototoxic, and neurogenic).

Keywords: Etiology, hearing loss, conductive hearing loss, sensorineural hearing loss

1. Introduction

Deafness is one of the most common communication disorders in humans. Approximately one
out of every thousand infants is born with a significant hearing deficit, and the prevalence of
hearing loss increases dramatically with age. By age 65 years, one out of three of us will suffer
from hearing impairment sufficient to interfere with the understanding of speech. Hearing
impairment is a very heterogeneous disorder with a wide range of causes.[1]

© 2015 The Author(s). Licensee InTech. 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.



Worldwide, estimates from the World Health Organization are that hearing loss affects 538
million people.[1]

Hearing loss may be classified into three types:

• Sensorineural: involving the inner ear, cochlea, or the auditory nerve

• Conductive: when the outer or middle ear structures fail to optimally capture, collect, or
transmit sound to the cochlea

• Mixed loss: a combination of conductive and sensorineural hearing loss

2. Outer ear causes

The outer ear comprises the auricle and the external auditory canal (EAC), and all hearing loss
related to the outer ear is by nature a conductive hearing loss.

2.1. Cerumen

Probably the most common cause of conductive hearing loss is the complete blockage of the
EAC by a cerumen impaction. Some patients are not able to clear it on their own or use Q-tips
that push the cerumen down the ear canal. These individuals may need periodic cleaning to
enhance their auditory capabilities.

2.2. Infection

Infections may lead to blockage of the EAC due to the accumulation of debris, edema, or
inflammation. Acute otitis externa usually develops as a result of local trauma coupled with
contamination by bacteria (or occasionally fungi—otomycosis or viral—herpes zoster oticus)
after swimming, showering, or exposure to hot and humid conditions. With complete
obstruction, a conductive hearing loss results. Diabetes mellitus and other immunocompro‐
mised states can predispose to developing malignant otitis externa.[2]

2.3. Congenital

The auricle and the EAC are derived from different embryologic tissue, and each may develop
without the full maturation of the other sites. The EAC develops from the 8th to the 28th week
of gestation, and the auricle itself forms from remnants of the first and second branchial arch
during the 12th and 20th weeks. Problems can occur anytime during this developmental phase,
and it is possible to have a normal auricle but an atretic canal. The anatomical course of the
facial nerve is frequently altered in malformations of the ear and temporal bone, but facial
nerve function is rarely affected by the malformation. Conductive hearing losses that result
from congenital malformations may range from mild to severe.

Update On Hearing Loss40



Worldwide, estimates from the World Health Organization are that hearing loss affects 538
million people.[1]

Hearing loss may be classified into three types:

• Sensorineural: involving the inner ear, cochlea, or the auditory nerve

• Conductive: when the outer or middle ear structures fail to optimally capture, collect, or
transmit sound to the cochlea

• Mixed loss: a combination of conductive and sensorineural hearing loss

2. Outer ear causes

The outer ear comprises the auricle and the external auditory canal (EAC), and all hearing loss
related to the outer ear is by nature a conductive hearing loss.

2.1. Cerumen

Probably the most common cause of conductive hearing loss is the complete blockage of the
EAC by a cerumen impaction. Some patients are not able to clear it on their own or use Q-tips
that push the cerumen down the ear canal. These individuals may need periodic cleaning to
enhance their auditory capabilities.

2.2. Infection

Infections may lead to blockage of the EAC due to the accumulation of debris, edema, or
inflammation. Acute otitis externa usually develops as a result of local trauma coupled with
contamination by bacteria (or occasionally fungi—otomycosis or viral—herpes zoster oticus)
after swimming, showering, or exposure to hot and humid conditions. With complete
obstruction, a conductive hearing loss results. Diabetes mellitus and other immunocompro‐
mised states can predispose to developing malignant otitis externa.[2]

2.3. Congenital

The auricle and the EAC are derived from different embryologic tissue, and each may develop
without the full maturation of the other sites. The EAC develops from the 8th to the 28th week
of gestation, and the auricle itself forms from remnants of the first and second branchial arch
during the 12th and 20th weeks. Problems can occur anytime during this developmental phase,
and it is possible to have a normal auricle but an atretic canal. The anatomical course of the
facial nerve is frequently altered in malformations of the ear and temporal bone, but facial
nerve function is rarely affected by the malformation. Conductive hearing losses that result
from congenital malformations may range from mild to severe.

Update On Hearing Loss40

Malformation of the auricle is termed anotia when there is complete absence of an external ear
and microtia when there is a vestige present. Anotia and microtia may cause mild to moderate
conductive hearing loss.[2]

Congenital atresia of the EAC occurs in approximately 1 per 10,000 births and are usually
associated with other craniofacial abnormalities such as Treacher–Collins syndrome, Pierre
Robin syndrome, or Crouzon disease. The malformation occurs unilaterally 4 times more
frequently than it does bilaterally (Figure 1).[3]

The severity of the atresia determines how well the child hears, and some patients with
congenital atresia have associated inner-ear abnormalities, but these abnormalities typically
do not cause sensorineural hearing loss. Atresia or significant stenosis of the EAC causes
moderate to severe conductive hearing loss.[3]

Figure 1. Congenital atresia of the EAC

2.4. Tumors

Malignant cancer of the ear canal is rare, and the most common histology type is squamous
cell carcinoma. Other tumors include basal cell carcinoma, adenoid cystic carcinoma, adeno‐
carcinoma, and melanoma. Initially, cancer of the EAC is usually misdiagnosed as otitis externa
because most patients complain of otorrhea, aural fullness, pain, itching, and hearing loss.
However, after multiple failed attempts at treatment with ototopical drops and antibiotics, a
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biopsy of the EAC should be obtained. Treatment of these malignant tumors varies with the
specific neoplasm.[4]

Benign bony growths may also occlude the EAC with a resulting conductive hearing loss. The
two most common benign growths are exostosis and osteoma.

Exostosis are the most common solid tumor of the EAC. They are periosteal outgrowths that
develop in the bony ear canal and occur mostly in men who have had repeated exposure to
cold water. The lesions are often multiple, bilateral, and form in the suture lines of the EAC
bones. Surgical removal is performed in cases of conductive hearing loss or recurrent otitis
externa.[5]

Osteoma, in contrast, is a solitary bony growth that is most commonly attached to the tympa‐
nosquamous suture line. Similar to exostoses, osteomas are not treated until they become so
large that they affect hearing by occlusion or repeated infections because debris cannot exit
the EAC.[6]

Benign polyps may occur as a result of other otologic conditions, such as chronic ear infections
or cholesteatoma. Occasionally, benign polyps can grow large enough to occlude the lumen
of the external auditory canal.

2.5. Trauma

Penetrating trauma to the external auditory canal or meatus due to bullet, knife, or fracture
may cause mild or profound conductive hearing loss, depending on the degree of EAC
occlusion. Ototopical drops prevent otitis externa, and external auditory canal stenting is
required initially to ensure that the EAC does not develop significant stenosis. Surgical
intervention is reserved for cases of stenosis.

3. Middle ear causes

As with the outer ear, all hearing loss associated with the middle ear is conductive hearing
loss.

3.1. Congenital malformation

Malformation of the ossicular chain can cause conductive hearing loss. The most common
ossicular abnormality observed is a missing or malalignment of the crura of the stapes.
However, it is usually an abnormal incus or malleoincudal joint that causes the conductive
hearing loss. Computed tomography (CT) scan is virtually always needed in order to make
this diagnosis, and in some cases, exploratory tympanostomy may be required.[2]

3.2. Eustachian tube dysfunction

The eustachian tube serves to provide normal middle ear pressure when opened and to protect
the middle ear from reflux and nasopharyngeal bacteria when closed. Abnormal function

Update On Hearing Loss42



biopsy of the EAC should be obtained. Treatment of these malignant tumors varies with the
specific neoplasm.[4]

Benign bony growths may also occlude the EAC with a resulting conductive hearing loss. The
two most common benign growths are exostosis and osteoma.

Exostosis are the most common solid tumor of the EAC. They are periosteal outgrowths that
develop in the bony ear canal and occur mostly in men who have had repeated exposure to
cold water. The lesions are often multiple, bilateral, and form in the suture lines of the EAC
bones. Surgical removal is performed in cases of conductive hearing loss or recurrent otitis
externa.[5]

Osteoma, in contrast, is a solitary bony growth that is most commonly attached to the tympa‐
nosquamous suture line. Similar to exostoses, osteomas are not treated until they become so
large that they affect hearing by occlusion or repeated infections because debris cannot exit
the EAC.[6]

Benign polyps may occur as a result of other otologic conditions, such as chronic ear infections
or cholesteatoma. Occasionally, benign polyps can grow large enough to occlude the lumen
of the external auditory canal.

2.5. Trauma

Penetrating trauma to the external auditory canal or meatus due to bullet, knife, or fracture
may cause mild or profound conductive hearing loss, depending on the degree of EAC
occlusion. Ototopical drops prevent otitis externa, and external auditory canal stenting is
required initially to ensure that the EAC does not develop significant stenosis. Surgical
intervention is reserved for cases of stenosis.

3. Middle ear causes

As with the outer ear, all hearing loss associated with the middle ear is conductive hearing
loss.

3.1. Congenital malformation

Malformation of the ossicular chain can cause conductive hearing loss. The most common
ossicular abnormality observed is a missing or malalignment of the crura of the stapes.
However, it is usually an abnormal incus or malleoincudal joint that causes the conductive
hearing loss. Computed tomography (CT) scan is virtually always needed in order to make
this diagnosis, and in some cases, exploratory tympanostomy may be required.[2]

3.2. Eustachian tube dysfunction

The eustachian tube serves to provide normal middle ear pressure when opened and to protect
the middle ear from reflux and nasopharyngeal bacteria when closed. Abnormal function

Update On Hearing Loss42

occurs commonly in the setting of an upper respiratory infection (viral or bacterial), and it can
also occur with allergies or tumors. It results in negative middle ear pressure causing reduction
of tympanic membrane (TM) excursion and conductive hearing loss.

3.3. Infection

Acute otitis media (AOM) is a common childhood disorder that also frequently occurs in
adults. Approximately 80% to 90% of all children will have developed at least one episode of
OM by the time they enter school, and AOM accounts for more than 25% of the prescriptions
for oral antibiotics annually.[7]

It is normally associated with pain, fever, and ear fullness as well as decreased hearing.
Conductive hearing loss occurs because fluid filling the middle ear space prevents the TM
from vibrating adequately, thereby diminishing movement of the ossicular chain.[8]

The middle ear may still be filled with serous or thick, tenacious fluid after the acute infection
has been successfully treated. This fluid resolves within four to six weeks in 70% of cases. By
an additional 12 weeks, 85% to 90% of all resolve the condition on their own. However, in the
10% to 15% in whom the fluid does not clear, it needs to be removed and the middle ear aerated
in order to promote resolution of any conductive hearing loss. The fluid is usually cleared by
either myringotomy and pressure equalization tube placement, or myringotomy and aspira‐
tion.[9]

3.4. Tympanic membrane perforation

Conductive hearing loss due to TM perforation is common. Clearly, the size, location, and
nature of perforation will affect the degree of hearing loss. Small perforations and those located
in the anterior–inferior quadrant cause the least amount of conductive hearing loss; near total
or posterior–superior quadrant perforations have a much higher chance of causing significant
hearing loss.[10]

Tympanic membrane perforations can arise as a consequence of either infection or trauma.
Most perforations heal spontaneously. Occasionally, surgical correction is required, and repair
of the perforation often corrects the conductive hearing loss.[7]

3.5. Otosclerosis

Otosclerosis is a primary disease of the temporal bone, leading to stapes ankylosis. Hearing
loss is the main symptom. Complaints of continuous tinnitus and, eventually, vertigo are also
observed. Otosclerosis is considered an autosomal dominant disease with incomplete pene‐
trance being identified in three related genes: OTSC 1, OTSC 2, and OTSC 3. Treatment includes
surgery, medical treatment, and sound amplification therapy alone or in combination.

3.6. Cholesteatoma

Cholesteatoma is a growth of desquamated, stratified, squamous epithelium within the middle
ear space. Such collections of desquamated skin cells will erode bone slowly through a
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combination of pressure necrosis and enzymatic activity. Infection accelerates the process of
bony destruction. The formation of a cholesteatoma typically occurs after a retraction pocket
has formed in the posterior/superior quadrant, often the result of poor eustachian tube
function. It may also occur after tympanic membrane trauma, such as a traumatic, inflamma‐
tory, or iatrogenic perforation, with implantation of squamous cells.[11]

Conductive hearing loss can occur as one or all ossicles become destroyed. Left untreated,
cholesteatomas may erode the tegmen, the sigmoid sinus, or even the inner ear, resulting in
labyrinthine fistula, which causes severe or profound sensorineural hearing loss and vertigo.
Thus, untreated, they can cause lateral sinus thrombosis, sepsis, brain abscess, facial paralysis,
and even death. Treatment is surgical, usually involving a mastoidectomy.[7]

3.7. Neoplasm

Malignant tumors such as Langerhans cell histiocytosis or squamous cell carcinoma may also
occur in the middle ear and can cause conductive hearing loss. However, these entities are
relatively rare when compared with cholesteatoma.

3.8. Middle ear barotrauma

Barotrauma occurs when a patient is exposed to a sudden, large change in ambient pressure,
often during diving or flying. Middle ear pressure becomes more positive with respect to
ambient pressure during ascent until the eustachian tube is forced open. On descent, ambient
pressure exceeds middle ear pressure until swallowing opens the eustachian tube.

Pressure in the middle ear normally equilibrates with ambient pressure via the eustachian
tube. However, if upon descent with flying or diving this equalization is prevented by mucosal
edema secondary to an upper respiratory infection, pregnancy, or anatomic variations, the
negative relative pressure in the middle ear can lead to its filling with serous fluid or blood or
to inward rupture of the TM. Symptoms vary from a sensation of pressure to hearing loss and
pain, which may suddenly be relieved with rupture of the TM.[12]

Overpressurization of the middle ear can occur during ascent with flying or diving, but TM
rupture is rare.

3.9. Vascular

Glomus tumors are the most common benign neoplasm of the middle ear. They arise from
paraganglionic tissue from the promontory of the middle ear or the adventitia of the dome of
the jugular bulb and may rarely show malignant potential.[8]

As tympanic tumors grow, they tend to fill the middle ear, with resultant pulsatile tinnitus
with or without conductive hearing loss. They also erode bone as they enlarge, especially
inferiorly, causing damage to cranial nerves. In addition, tumors may impede upon the
ossicular chain and TM, thereby decreasing motility of either or both structures.[2]

Treatment may include surgical resection, embolization, and radiation.
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Overpressurization of the middle ear can occur during ascent with flying or diving, but TM
rupture is rare.

3.9. Vascular

Glomus tumors are the most common benign neoplasm of the middle ear. They arise from
paraganglionic tissue from the promontory of the middle ear or the adventitia of the dome of
the jugular bulb and may rarely show malignant potential.[8]

As tympanic tumors grow, they tend to fill the middle ear, with resultant pulsatile tinnitus
with or without conductive hearing loss. They also erode bone as they enlarge, especially
inferiorly, causing damage to cranial nerves. In addition, tumors may impede upon the
ossicular chain and TM, thereby decreasing motility of either or both structures.[2]

Treatment may include surgical resection, embolization, and radiation.
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4. Inner ear causes

Disorders of the inner ear normally cause a sensorineural hearing loss. The etiology may be
associated with the cochlea, eighth nerve, internal auditory canal, or brain.

4.1. Congenital or hereditary

Congenital hearing loss will be defined as any hearing loss that occurs at or shortly after birth
that may be due to either a hereditary or nonhereditary cause. Nonhereditary etiologies
involve an insult to the developing cochlea, including viral infections such as cytomegalovirus,
hepatitis, rubella, toxoplasmosis, HIV, and syphilis. Some teratogenic medications may also
affect the developing ear of the fetus, including recreational drugs, alcohol, quinine, and
retinoic acid.[2]

Sensorineural hearing loss can be inherited in an autosomal dominant or recessive pattern;
90% is autosomal recessive, so that the children often have normal hearing parents. Sensori‐
neural hearing loss also may be part of a syndrome or occur as a spontaneous mutation. The
hearing deficit may be present at birth, be progressive from birth, or present when the child is
older, or even early adult life. The most common testable genetic defect is an abnormal
connexin 26.[1]

Congenital malformations of the inner ear also occur, these include anything from complete
atresia to a common cavity of the cochlea. The most common malformation is a Mondini, where
the normal two-and-one-half turns of the cochlea are replaced by one to one-and-one-half
turns.

Patients who have congenital anomalies of either the inner or the middle ear may also develop
perilymphatic fistulas (PLFs). PLFs alone can cause progressive or fluctuating sensorineural
hearing loss.

4.2. Presbycusis

Presbycusis, or age-related hearing loss, is a common cause of hearing loss worldwide. This
disorder is a complex and multifactorial, characterized by symmetrical progressive loss of
hearing over many years. It usually affects the high frequencies of hearing, although its
presentation and clinical course can be variable. Presbycusis has a tremendous impact on the
quality of life of millions of older individuals and is increasingly prevalent as the population
ages.[8]

Common complaints associated with presbycusis include the inability to hear or understand
speech in a crowded or noisy environment, difficulty understanding consonants, and the
inability to hear high pitched voices or noises. Tinnitus is often present.[2]

The prevalence of hearing loss increases with age, with up to 80% of functionally significant
hearing loss occurring in older adults.
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The World Health Organization (WHO) estimates that in 2025, there will be 1.2 billion people
over 60 years of age worldwide, with more than 500 million individuals who will suffer
significant impairment from presbycusis.

Hearing aids are able to benefit most patients with presbycusis, and cochlear implantation
may benefit patients of any age who are not helped by hearing aids.

4.3. Infection

The most common infection of the inner ear is viral cochleitis in adults and meningitis in young
children. Meningitis can access the cochlea by way of CSF-perilymph fluid connection and
cause a profound sensorineural hearing loss by destroying the inner ear hair cells. Viral
cochleitis usually manifests as a sudden sensorineural hearing loss and vertigo.[2]

Other causes of sudden sensorineural hearing loss include acoustic neuroma, perilymphatic
fistula, Ménière disease, vascular insufficiency, multiple sclerosis, and other central etiologies.
Although the primary etiology of sudden sensorineural hearing loss is almost always viral or
a vascular ischemic event, patients with this presentation need to undergo audiometric
evaluation as well as a magnetic resonance imaging (MRI) with gadolinium.

4.4. Ménière`s disease

Ménière`s disease is characterized by (1) spontaneous episodes of vertigo lasting several
minutes to hours, (2) low-pitched tinnitus occurring or worsening during a vertiginous attack,
(3) fluctuating low-frequency sensorineural hearing loss, and (4) aural fullness in the affected
ear.[8]

The onset of symptoms is typically between the third and sixth decades, with a slight female
preponderance. Endolymphatic hydrops is the main histopathologic correlate. Over time and
with repeated attacks, the hearing deficit can become permanent and may even eventually
involve all frequencies.

4.5. Noise exposure

Everyday noise exposure, compounded over time, has an impact upon our ability to hear.
Constant exposure to loud noises can cause high-frequency sensorineural hearing loss,
beginning with selective loss in 4000 Hz. With continued exposure, the notch widens and
affects all high frequencies. Eventually, hearing loss can be seen in middle and lower frequen‐
cies. A short blast of loud noise also can cause severe to profound sensorineural hearing loss,
pain, or hyperacusis. This usually involves exposure to noise greater than 120 to 155 dB.[2]

The mechanism by which excessive noise induces hearing loss includes direct mechanical
damage of cochlear structures and metabolic overload due to overstimulation. Some potential
metabolic effects are excess nitric oxide release that can damage hair cells, generation of oxygen
free radicals that become toxic to membranes, and low magnesium concentrations that weaken
hair cells by reducing the concentration of intracellular calcium.
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Thus, hearing protection in the form of muffs or plugs is highly recommended anytime a
person is exposed to loud noise.

4.6. Inner ear barotrauma

Barotrauma occurs when a patient is exposed to a sudden, large change in ambient pressure,
often during diving or flying.

Inner ear barotrauma is a fairly uncommon injury but should be excluded in all cases of middle
ear barotrauma. It can occur following the development of a sudden pressure differential
between the inner and middle ear, leading to rupture of the round or oval window. The main
symptoms are tinnitus, vertigo, and hearing loss. The resulting labyrinthine fistula and leakage
of perilymph can result in permanent inner ear damage. The primary treatment of this
complication is complete bed rest with head elevation to avoid increases in cerebrospinal fluid
pressure. Deteriorating inner ear function generally requires tympanotomy and patching of
the round or oval window.[2]

4.7. Trauma

Blunt trauma can result in sensorineural loss due to concussive forces of the inner ear fluids,
which may cause a shearing affect on the cochlear organ of Corti. Blunt trauma may also lead
to longitudinal or transverse temporal bone fracture.

The longitudinal type is most common (80%). It is usually caused by a blow to the temporal
parietal region. Hearing loss is typically conductive and associated with tympanic membrane
(TM) perforations and blood in the middle ear space.

A transverse fracture occurs following a blow to the occipital or frontal region (Figure 2).
Fractures of this type usually run through the inner ear. If hearing is preserved to some degree,
the most common reason for a conductive hearing loss is an ossicular injury, typically due to
separation of the incudal stapedial joint and/or incus dislocation.[2]

Penetrating trauma typically causes sensorineural or mixed hearing loss. These injuries are
usually due to gunshot wounds that upon impact cause significant temporal bone fractures.

4.8. Tumors

Most tumors of the inner ear are benign, although malignant tumors such as squamous cell
carcinoma, sarcomas, adenoid carcinoma, and metastasis rarely occur. Benign bony tumors,
including fibrous dysplasia and Paget disease, are also rare.[2]

The most common tumor that causes sensorineural hearing loss is an acoustic neuroma. Eighty
percent of tumors arising in the cerebellopontine angle are acoustic neuroma. This is a benign
tumor that usually arises from the Schwann’s cells of the vestibular portion of the eighth cranial
nerve. The most common complaint is an asymmetric progressive sensorineural hearing loss,
which typically begins in the high frequencies and progresses to involve lower frequencies.
Other symptoms include unilateral tinnitus, disequilibrium, dizziness, or headaches.[8]
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4.9. Endocrine disorders

Various metabolic abnormalities have been known to either cause or be associated with
sensorineural hearing loss. Thus, an evaluation of an unexplained sensorineural hearing loss
should involve a complete laboratory evaluation to include the following: complete blood
count with differential, blood sugar, thyroid function tests, and serologic test for syphilis.[2]

Diabetes has been associated with an approximately twofold increase in the prevalence of low-
and midfrequency hearing impairment in adults; this might relate to the impact of diabetes on
the vascular or neural components of the inner ear.[8]

Anemia or a white blood cell dyscrasia may lead to sensorineural hearing loss by an unknown
mechanism that may involve decreased oxygenation, microblockage of vessels, or infection.

4.10. Autoimmune hearing loss

The autoimmune inner ear disease may be limited just to the ear, or it may be part of an overall
systemic problem. Approximately one third of patients will have evidence of systemic
autoimmune disorder such as Wegener granulomatosis, Cogan syndrome, rheumatoid
arthritis, systemic lupus erythematosus, or polyarteritis nodosa.[2]

Autoimmune hearing loss is usually sensorineural, bilateral, and asymmetric, which is either
fluctuating or progressive in nature.

The treatment choice for patients with autoimmune inner ear disease is high-dose glucocorti‐
coids for up to 4 weeks. This often results in significant recovery of hearing.[2]

Figure 2. Transverse temporal bone fracture
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Cytotoxic medications such as cyclophosphamide, methotrexate, or azathioprine may be used
if corticosteroids fail.

4.11. Ototoxicity

A great number of medications are known to cause damage to the ear. Anti-inflammatory,
antibiotics, loop diuretics, antimalarials, chemotherapeutic agents, and ototopical medications
may cause ototoxicity (Table 1).[8]

The hearing loss caused by antibiotic or chemotherapeutic agents usually begins at high
frequencies, and with continued medication use, the hearing loss will become more pro‐
nounced and may even continue to worsen for a time after the drug is discontinued.

Several antibiotics cause ototoxicity. All oral aminoglycosides are ototoxic, and this effect is
due to hair cell death from apoptosis. Different types of aminoglycosides show different
patterns of ototoxicity. Streptomycin and gentamicin are primarily vestibulotoxic. Neomycin,
amikacin, and tobramycin are primarily cochleotoxic.

Ototopical aminoglycoside drops have the potential to cause ototoxicity. However, it is
believed that these medications do not have their normal ototoxic effect because the inflamed
mucosa within the ear prevents significant drug penetration into the oval and round windows.
Other oral antibiotics that can cause ototoxicity include erythromycin and tetracycline.

Medications Effects

Antibiotics Aminoglycosides
Streptomycin
Gentamicin
Neomycin
Amikacin
Tobramycin
Macrolides
Erythromycin
Glycopeptides
Vancomycin

Vestibulotoxic
Vestibulotoxic
Cochleotoxic
Cochleotoxic
Vestibulotoxic and cochleotoxic
Cochleotoxic
Cochleotoxic (synergism with aminoglycosides)

Anti-inflammatory Aspirin (salicylates) Cochleotoxic

Loop diuretics Furosemide Cochleotoxic (synergism with aminoglycosides)

Antimalarials Quinine
Chloroquine

Cochleotoxic
Cochleotoxic

Chemotherapeutic agents Cisplatin Cochleotoxic

Ototopical drops Aminoglycoside drops (gentamicin
and neomycin)

Potential ototoxicity in tympanic membrane
perforation

Table 1. Medications related with ototoxicity
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Many chemotherapeutic agents are known to cause hearing loss. These include cisplatin, 5-
fluorouracil (5-FU), bleomycin, and nitrogen mustard. The worst ototoxicity occurs with
cisplatin, which damage the outer hair cells of the basal turn of the cochlea, causing bilateral,
symmetric, and high-frequency hearing loss.

High-dose aspirin (6–8 g/day) or other salicylates can cause a flat mild-to-moderate sensori‐
neural hearing loss, but this is reversible with discontinuation of the drug.

Antimalarial medications such as quinine and chloroquine may also cause sensorineural
hearing loss and tinnitus, but similar to salicylates, these effects are usually reversible. This is
also true for high-dose nonsteroidal anti-inflammatory agents. Loop diuretics are an additional
cause of temporary hearing loss and tinnitus.[2]

Heavy metals, including lead, mercury, cadmium, and arsenic, can all lead to hearing loss.

4.12. Neurogenic

Several neurologic disorders may cause sensorineural hearing loss: cerebrovascular accident
or transient ischemic attack, Arnold–Chiari malformations (may stretch the auditory vestibu‐
lar nerve, thereby causing hearing loss and/or vestibular complaints), and multiple sclerosis
(can initially present as a sudden sensorineural hearing loss and/or vertigo). 2
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Abstract

Despite the significant advances in understanding the molecular basis of hearing loss,
precise identification of genetic cause still presents some difficulties, owing to pheno‐
typical variation. Gene discovery efforts for hearing disorders are complicated by ex‐
treme heterogeneity. Mutations in some of these genes, such as GJB2, MYO7A,
CDH23, OTOF, SLC26A4, TMC1, are quite common and responsible for hearing loss.
Clinical exome sequencing is a highly complex molecular test that analyzes the exons
or coding regions of thousands of genes simultaneously, using next-generation se‐
quencing techniques. The development of a biological method for the repair, regener‐
ation, and replacement of hair cells of the damaged cochlea has the potential to
restore normal hearing. At present, gene therapy and stem cells are two promising
therapeutic applications for hearing disorders. Gene therapy and stem cell treatment
have still a long way to go before these treatments will be available to use in humans.
Therefore, existing measures must focus on the prevention of hearing loss to decrease
the frequency of genetic hearing loss. Over time, genetic diagnostic tests will become
available most rapidly, followed by targeted gene therapy or various permutations of
progenitor cell transplantation, and eventually, the preventive interventions for a
wider range of hearing impaired patients.

Keywords: Genetic hearing loss, next generation sequencing, genetic evaluation, gene
therapy, stem cell therapy

1. Introduction

Genetic hearing loss has diverse etiologies and approximately 1% of all human genes are
involved in the hearing process [1]. It is estimated that at least two-thirds of cases of childhood-
onset hearing loss have a genetic cause [2], with the remaining one-third caused by environ‐
mental factors, e.g., cytomegalovirus infection, meningitis, acquired conductive loss, and the
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impact of extracorporeal membrane oxygenation [3]. Many cases of later onset progressive
hearing loss are genetic in origin, and genes also play an important role in progressive hearing
loss associated with ageing. This chapter will deal with the ability to identify genetic problems
or suspected genetic causes in hearing disorders, different types of gene mutation that causes
deafness, genetic evaluation of hearing loss, special aspects of genetic tests such as next-
generation sequencing, limitation of genetic testing, the development and evaluation of genetic
treatment, management, prevention and genetic counseling, benefits of genetic research in
deafness, and research needs/anticipating changes. It will conclude by the direction of possible
future technological development in these aspects.

The majority of hearing loss is caused by mutations in the DNA (deoxyribonucleic acid)
sequence of genes. There are four "bases" in a strand of DNA: adenine (A), guanine (G), thymine
(T), and cytosine (C). The DNA also contains a monosaccharide sugar called deoxyribose and
a phosphate group. According to base pairing rules (A with T, and C with G), hydrogen bonds
bind bases of the two separate strands to make double-stranded DNA. Humans have approx‐
imately 30,000 genes. The DNA sequence of these genes provides the code for producing
proteins (which consist of amino acids). The gene is located within a designated region on the
chromosome and is composed of the different base pairs. The specific location on the chro‐
mosome where the gene is found is known as locus. For example, autosomal recessive deafness
1A (DFNB1A) is caused by mutation in the GJB2 gene on chromosomal locus 13q11-q12. This
means it is on the long arm of chromosome (q indicates the long arm) 13 somewhere in the
range from band 1 of region 1 to band 2 of region 1 (11 or 12 represent the position on arm: 12-
region 1, band 2). At times, changes (INDELs) occur in the DNA sequence of genes, such as a
short segment of a gene is AGACATCATCTA and A has been replaced by a G at position 8
(AGACATCGTCTA) and C at position 4 has been deleted (AGAGATCGTTA), resulting in a
mutation in the DNA sequence and affecting their functions such as a non-functioning protein
may be produced or that protein may be missing altogether. If these mutations occur in a gene
with important information for normal hearing, the result may be hearing loss, or in extreme
cases, deafness.

2. Genetic causes of hearing loss

There are two types of hearing loss caused by genetics. About 30% of people with a genetic
type of hearing loss are classified as syndromic, which involves other presenting abnormalities
along with hearing impairment. Non-syndromic hearing loss occurs when there are no other
problems associated with an individual other than hearing loss. From a genetic standpoint,
this accounts for the other 70% of people, which attributes to the vast majority of genetic
hearing loss.

The genetic basis is highly complex. There are many different ways that the DNA sequence of
a gene can be changed, resulting in different types of mutation. The types of gene mutations
include missence, nonsense, substitution, insertion, deletion, duplication, frameshifts, repeat
expansion, splice site, and translocation. The chances of developing deafness caused by a
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mutated gene depend on whether the mutation is dominant or recessive. Dominant and
recessive hearing loss results from the allelic mutation in some genes, syndromic and non-
syndromic hearing loss is caused by mutations in the same gene, and recessive hearing loss
may be caused by a combination of two mutations in different genes from the same functional
group [4].

2.1. Non-syndromic hearing loss

The different gene loci for non-syndromic deafness are designated DFN (for DeaFNess). Based
on the mode of inheritance, loci are named as A, B, X, and Y for autosomal dominant (DFNA),
autosomal recessive (DFNB), X-linked (DFNX), and Y-linked (DFNY), respectively. The order
in which the loci have been described is denoted by a number after these letters, e.g., DFNB1
is the first identified locus causing autosomal recessive HL [5, 6]. Earlier research reports that
two-thirds of prelingual-onset sensorineural hearing loss (SNHL) is estimated to have a genetic
etiology in developed countries, of which 70% is non-syndromic hearing loss (NSHL).
However, 80% of NSHL is autosomal recessive non-syndromic hearing loss (ARNSHL), 20%
is autosomal dominant (AD), and the remainder is composed of X-linked and mitochondrial
forms [7-9]. NSHL demonstrates extreme genetic heterogeneity, with more than 55 autosomal
dominant (deafness, neurosensory, DFNA), 80 autosomal recessive (deafness, neurosensory,
DFNB), and 5 X-linked (deafness, neurosensory, DFNX) loci with 30, 55, and 4 causative genes,
respectively, identified to date [10]. A fraction of these genes have been associated with both
dominant and recessive HL. Furthermore, mitochondrial mutations can also underlie NSHL.

2.1.1. Autosomal dominant non-syndromic hearing loss

Autosomal dominant non-syndromic hearing loss (ADNSHL) is represented by heterogeneity
of genetic and clinical features. ADNSHL is passed directly through generations. It is often
possible to identify an autosomal dominant pattern through simple inspection of the family
tree. Autosomal dominant traits usually affect males and females equally. ADNSHL associated
with GJB2 mutations is early-onset, moderate to severe, and (in contrast to autosomal recessive
GJB2 related deafness) typically progressive. Dominant GJB2 mutations, however, often have
pleiotropic effects. There is no frequent gene mutated in ADNSHL but WFS1, KCNQ4,
COCH, and GJB2 mutations are somewhat more frequent in comparison to the other reported
genes [2, 11, 12]. Clinical manifestations and loci of known genes causing autosomal dominant
non-syndromic hearing loss are summarized below in Table 1 [13, 14].

Locus Name Gene Onset/Decade Audioprofile

DFNA1 DIAPH1 Postlingual/1st Low frequency progressive

DFNA2 KCNQ4 Postlingual/2nd High frequency progressive

DFNA2B GJB3 Postlingual/4th High frequency progressive

DFNA3 GJB2 Prelingual High frequency progressive

DFNA3 GJB6 Prelingual High frequency progressive
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Locus Name Gene Onset/Decade Audioprofile

DFNA4 MYH14 Postlingual Flat/gently downsloping

DFNA5 DFNA5 Postlingual/1st High frequency progressive

DFNA6/14/38 WFS1 Prelingual Low frequency progressive

DFNA8/12 TECTA Prelingual Mid-frequency loss

DFNA9 COCH Postlingual/2nd High frequency progressive

DFNA10 EYA4 Postlingual/3rd, 4th Flat/gently downsloping

DFNA11 MYO7A Postlingual/1st Flat/gently downsloping

DFNA13 COL11A2 Postlingual/2nd Mid-frequency loss

DFNA15 POU4F3 Postlingual High frequency progressive

DFNA17 MYH9 Postlingual High frequency progressive

DFNA20/26 ACTG1 Postlingual High frequency progressive

DFNA22 MYO6 Postlingual High frequency progressive

DFNA23 SIX1 Prelingual Downsloping

DFNA25 SLC17A8 Postlingual/2nd-6th decades High frequency progressive

DFNA28 GRHL2 Postlingual Flat/gently downsloping

DFNA36 TMC1 Postlingual Flat/gently downsloping

DFNA39 DSPP Postlingual High frequency progressive

DFNA41 P2RX2 Postlingual Flat progressive

DFNA44 CCDC50 Postlingual Low to mild frequencies progressive

DFNA48 MYO1A Postlingual Progressive

DFNA50 MIR96 Postlingual/2nd Flat progressive

DFNA51 TJP2 & FAM189A2 Postlingual/4th High frequency progressive

Table 1. Clinical manifestations and locus of known genes causing ADNSHL. Adapted from [10, 14]

2.1.2. Autosomal recessive non-syndromic hearing loss

Autosomal recessive non-syndromic hearing loss at the DFNB1 locus on chromosome 13q11-12
is characterized as congenital, typically non-progressive, mild to profound hearing impair‐
ment. The locus contains two genes, GJB2 and GJB6. GJB2 and GJB6 are the most common
mutated genes. GJB2 is a small gene with a single coding exon. GJB2 encodes connexin 26, a
gap junction protein of the beta group with a molecular weight of 26 kd. The most common
mutation is a deletion of a single guanine from a string of six (35delG). This mutation accounts
for more than two-thirds of identified mutations and results in a frame-shift with premature
termination of the protein. Profound HL caused by GJB2 gene mutations is found in 50% of
the cases; 30% are severe, 20% moderate and 1-2% are mild cases [15]. GJB2 mutation preva‐
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is characterized as congenital, typically non-progressive, mild to profound hearing impair‐
ment. The locus contains two genes, GJB2 and GJB6. GJB2 and GJB6 are the most common
mutated genes. GJB2 is a small gene with a single coding exon. GJB2 encodes connexin 26, a
gap junction protein of the beta group with a molecular weight of 26 kd. The most common
mutation is a deletion of a single guanine from a string of six (35delG). This mutation accounts
for more than two-thirds of identified mutations and results in a frame-shift with premature
termination of the protein. Profound HL caused by GJB2 gene mutations is found in 50% of
the cases; 30% are severe, 20% moderate and 1-2% are mild cases [15]. GJB2 mutation preva‐
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lence suggests that the overall prevalence of GJB2 mutations is similar around the world,
although specific mutations differ [16].

Mutations  in  the  GJB6  gene  are  the  second  most  common  genetic  defect  in  hereditary
hearing loss and lead to similar effects on abnormal expression of connexin protein Cx30.
However, GJB6 mutations are much less common than mutations in GJB2. In 1999, a research
revealed the  role  for  GJB6,  i.e.,  adjacent  to  GJB2  on  chromosome 13,  when a  dominant
mutation (T5M) was described [17].  The most common mutation in GJB6,  however,  is  a
>300-kb deletion that causes non-syndromic SNHL when homozygous, or when present on
the opposite allele of a GJB2 mutation [18]. GJB6 is very similar to GJB2 and only ∼35 kb
apart, but not interrupted by introns [4, 17]. Both genes are expressed in the cochlea where
they can unite to form multi-unit hemichannels in the cell membrane, and function as an
integral  component of  the potassium regulation in the inner ear.  Clinical  manifestations
and locus of known genes implicated in autosomal recessive nonsyndromic hearing loss
are summarized in Table 2 [10, 14].

Locus Name Gene Onset Type

DFNB1 GJB2 Prelingual 1 Usually stable

DFNB1 GJB6 Prelingual 1 Usually stable

DFNB2 MYO7A Prelingual, postlingual Unspecified

DFNB3 MYO15A Prelingual Severe to profound; stable

DFNB4 SLC26A4 Prelingual, postlingual Stable, progressive

DFNB6 TMIE Prelinqual Severe to profound; stable

DFNB7/11 TMC1 Prelinqual Severe to profound; stable

DFNB8/10 TMPRSS3 Postlingual 2, prelingual Progressive; stable

DFNB9 OTOF Prelingual Usually severe to profound; stable

DFNB12 CDH23 Prelingual Severe to profound; stable

DFNB16 STRC Prelingual Severe to profound; stable

DFNB18 USH1C Prelingual Severe to profound; stable

DFNB21 TECTA Prelingual Severe to profound; stable

DFNB22 OTOA Prelingual Severe to profound; stable

DFNB23 PCDH15 Prelingual Severe to profound; stable

DFNB24 RDX Prelingual Severe to profound; stable

DFNB25 GRXCR1 Prelingual Moderate to profound; progressive

DFNB28 TRIOBP Prelingual Severe to profound; stable

DFNB29 CLDN14 Prelingual Severe to profound; stable

DFNB30 MYO3A Prelingual Severe to profound; stable

DFNB31 CHRN Prelingual —

DFNB32/82 GPSM2 Prelingual Severe to profound; stable

DFNB35 ESRRB Unknown Severe to profound

DFNB36 ESPN Prelingual —

DFNB37 MYO6 Prelingual —
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Locus Name Gene Onset Type

DFNB39 HGF Prelingual Severe to profound; downsloping

DFNB49 MARVELD2 Prelingual Moderate to profound; stable

DFNB53 COL11A2 Prelingual Severe to profound; stable

DFNB59 DFNB59 Prelingual Severe to profound; stable

DFNB61 SLC26A5 Prelingual Severe to profound; stable

DFNB63 LRTOMT Prelingual Severe to profound; stable

DFNB67 LHFPL5 Prelingual Severe to profound; stable

DFNB73 BSND Prelingual Severe to profound; stable

DFNB76 SYNE4 Prelingual High frequency; progressive

DFNB77 LOXHD1 Postlingual Moderate to profound; progressive

DFNB79 TPRN Prelingual Severe to profound; stable

DFNB84 PTPRQ Prelingual Moderate to profound; progressive

Table 2. Clinical manifestations and locus of known genes causing ARNSHL. Adapted from [10, 14].

2.1.3. X-Linked Non-Syndromic Hearing Loss

X-linked non-syndromic hearing loss is much rarer, accounting for 1-3% of hereditary deafness
[19]. So far, there are only four genes that have been associated with X-linked non-syndromic
hearing loss. These are: PRPS1 on Xq22 that encodes phosphoribosyl pyrophosphate (PRPP)
synthetase 1; POU3F4 on Xq21, encoding a member of a transcription factor family that
contains a POU domain; SMPX on Xp22 that encodes the small muscle protein; and COL4A6
on Xq22 encoding the alpha-6 chain of type IV collagen. COL4A6 is a protein-coding gene, type
IV collagen having an important role in cochlea development. The COL4A6 gene is located
only ~500 kb away from the DFNX1/PRPS1 locus [20]. Clinical manifestations and locus of
known genes causing X-linked nonsyndromic hearing impairment are summarized in Table
3 [10, 14].

Locus Name Gene Onset Type and Degree Frequencies

DFNX1 (DFN2) PRPS1 Postlingual Progressive sensorineural; severe to profound All

DFNX2 (DFN3) POU3F4 Prelingual Progressive, mixed; variable, but progresses to
profound

All

DFNX4 (DFN6) SMPX Postlingual Progressive sensorineural; mild to profound All

DFNX6 COL4A6 Postlingual Progressive Sensorinueral, mixed; mild to
severe

All

Table 3. Clinical manifestations and locus of known genes causing X-linked non-syndromic hearing loss. Modified
from [10, 14].

2.1.4. Non-syndromic mitochondrial hearing loss

Mitochondrial DNA (mtDNA) mutations account for at least 5% of cases of postlingual, non-
syndromic hearing impairment [21]. MtDNA mutations are classified as either large-scale
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synthetase 1; POU3F4 on Xq21, encoding a member of a transcription factor family that
contains a POU domain; SMPX on Xp22 that encodes the small muscle protein; and COL4A6
on Xq22 encoding the alpha-6 chain of type IV collagen. COL4A6 is a protein-coding gene, type
IV collagen having an important role in cochlea development. The COL4A6 gene is located
only ~500 kb away from the DFNX1/PRPS1 locus [20]. Clinical manifestations and locus of
known genes causing X-linked nonsyndromic hearing impairment are summarized in Table
3 [10, 14].

Locus Name Gene Onset Type and Degree Frequencies

DFNX1 (DFN2) PRPS1 Postlingual Progressive sensorineural; severe to profound All

DFNX2 (DFN3) POU3F4 Prelingual Progressive, mixed; variable, but progresses to
profound

All

DFNX4 (DFN6) SMPX Postlingual Progressive sensorineural; mild to profound All

DFNX6 COL4A6 Postlingual Progressive Sensorinueral, mixed; mild to
severe

All

Table 3. Clinical manifestations and locus of known genes causing X-linked non-syndromic hearing loss. Modified
from [10, 14].

2.1.4. Non-syndromic mitochondrial hearing loss

Mitochondrial DNA (mtDNA) mutations account for at least 5% of cases of postlingual, non-
syndromic hearing impairment [21]. MtDNA mutations are classified as either large-scale
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rearrangements (partial deletions or duplications) that are usually sporadic or point mutations,
which are usually maternally inherited, and concern genes responsible for protein synthesis
(rRNAs or tRNAs), or genes encoding subunits of the electron transport chain (ETC) [22, 23].
Tang et al. reported that mitochondrial mutations by themselves are not sufficient to produce
a deafness phenotype. Modifier factors such as nuclear and mitochondrial genes, or environ‐
mental factors such as exposure to aminoglycosides, appear to modulate the phenotypic
manifestations [24].

The mutation most commonly associated with maternal inheritance is A1555G on gene 12S
rRNA, MTRNR1 [25, 26]. Non-syndromic mitochondrial hearing loss is characterized by
moderate-to-profound hearing loss and a pathogenic variant in either MTRNR1 or MTTS1.
Pathogenic variants in MTRNR1 can be associated with the predisposition to aminoglycoside
ototoxicity and/or late-onset sensorineural hearing loss. [27].

The use of streptomycin, and to a lesser extent other aminoglycoside antibiotics, can cause
hearing loss in genetically susceptible individuals. These drugs are known to exert their
antibacterial effects at the level of the decoding site of the small ribosomal subunit, causing
miscoding or premature termination of protein synthesis [28-30]. The hearing loss is primarily
high frequency and may be unilateral. Mitochondrial non-syndromic sensory neural hearing
loss (SNHL) is also associated with the A7445G, 7472insC, T7510C, and T7511C mutations in
the tRNASer (UCN) gene,MTTS1 [30, 31]. Mitochondrially inherited non-syndromic hearing
loss can be caused by mutation in any one of several mitochondrial genes, including MTRNR1,
MTTS1, MTCO1, MTTH, MTND1, and MTTI (Table 4).

Gene Mutation Possible additional symptoms

MTRNR1
(12S rRNA)

1555A->G Aminoglycoside induced/worsened

1494C->T Aminoglycoside induced/worsened

961(mutations) Aminoglycoside induced/worsened

827A>G Aminoglycoside induced

MTTS1

(tRNASer(UCN))

7445A->G Palmoplantar keratoderma

7472insC Neurological dysfunction, including ataxia, dysarthria, and
myoclonus

7510T->C No additional symptoms

7511T->C No additional symptoms

MTCO1 7444G>A Aminoglycoside associated; associated with
MTRNR1 1555A >G

MTTH 12201T-C No additional symptoms

MTND1 3388C-A Tinnitus and BPPV associated

MTTI 4295A-G Hypertrophic cardiomyopathy

Table 4. Identified mitochondrial DNA mutations in hearing loss. Modified from [10].
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2.2. Syndromic hearing loss

Syndromic forms of hearing loss are less common than non-syndromic forms. To date, more
than 400 genes responsible for syndromic hearing loss have been identified [32]. These can
include syndromes transmitted in Mendelian or monogenic, syndromes due to chromosomal
anomalies, syndromes due to multi-factorial influences, or syndromes due to a combination
of these. Syndromic hearing loss can be conductive, sensorineural, or mixed.

Many of the syndromes associated with SNHL do not usually demonstrate gross inner ear
anomalies. However, inner ear malformations are common in numerous syndromes. In some
cases, the existence of specific inner ear anomalies may be characteristic of certain syndromes
such as in BOR syndrome, Waardenburg syndrome, or X-linked deafness with stapes gusher
or CHARGE syndrome. SNHL presenting later in life is often related to inner ear infections or
inflammatory conditions, trauma, or tumor [33].

Mutations in the same gene may cause syndromic hearing loss in one individual and non-
syndromic hearing loss in another. The most common autosomal dominant form is Waarden‐
burg syndrome. The most common autosomal recessive forms are Pendred syndrome and
Usher syndrome. Syndromic hearing loss may be transmitted as an autosomal recessive,
autosomal dominant, X-linked, or matrilineal trait. Some of the genetics forms of syndromic
hearing loss and their main clinical features are given in Table 5 [34].

Syndrome Main Clinical Features Genetics Hearing loss

Waardenburg
syndrome (AD)*

⋅ Type 1: dystopia canthorum, iris
heterochromy, brilliant blue eyes, broad nasal
root, premature, graying of hair, white forelock,
and vestibular dysfunction

PAX3
Sensorineural
hearing loss

⋅ Type 2: similar phenotype except dystopia
canthorum

MITF, SNAI2

⋅ Type 3 (Klein-Waardenburg syndrome ):
upper extremity abnormalities other Type 1
clinical features

PAX3

⋅ Type 4 (Waardenburg-Shah syndrome):
pigmentation abnormalities and
Hirschsprung’s disease other Type 2 clinical
features

EDN3, SOX10 and EDNRB

Charge ⋅ Choanal atresia Mutations in Severe-to-

syndrome ⋅ Coloboma CHD7 are profound

(AD) ⋅ Characteristic ears detected in asymmetrical

⋅ Cranial nerve anomalie more than 75% mixed losses

⋅ Cardiovascular malformations of CHARGE
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Syndrome Main Clinical Features Genetics Hearing loss

⋅ Genital hypoplasia patients

⋅ Cleft lip/palate SEMA3E

⋅ Tracheoesophageal fistula

⋅ Growth deficiency

⋅ Developmental delay

Pierre Robin ⋅ Micrognathia Genetic Typically

Sequence ⋅ Glossoptosis heterogeneity conductive and

(AD) ⋅ Cleft palate bilateral

Stickler ⋅ Long and flat face Mutations in Both

syndrome ⋅ Malar and mandibular hypoplasia COL2A1, sensorineural and

(AD) ⋅ Small nose with a depressed nasal bridge COL9A1, COL9A2, conductive

and anteverted nares COL11A1, and

⋅ Altered vision COL11A2 genes

⋅ Joint problems

Branchio-oto-renal
(BOR) syndrome

⋅ Branchial cleft, cysts, or fistulae EYA1, SIX1, and SIX5 Sensorineural,

(AD) ⋅ Ear abnormalities mutations conductive, or

⋅ Kidney abnormalities mixed hearing loss

Treacher- Collins ⋅ Zygomatic arches hypoplasia Genetic About 40-50% of

syndrome ⋅ Hypoplasia of supraorbital rims heterogeneity: patients with

(AD) ⋅ Micrognathia TCS-1, TCS-2 Treacher Collins

⋅ Narrow face and TCS- 3 have conductive

⋅ Antimongoloid slant of the eyes and have been hearing loss. Few

hypertelorism related to cases of mixed

⋅ Coloboma of the lower lid with mutations in hearing loss have

deficiency of cilia medial to the coloboma TCOF-1, POLR1D been described.

⋅ Large nose is with hypoplastic alae and POLR1C

⋅ Down-turning mouth respectively

⋅ Cleft palate

⋅ External ear abnormalities

Apert syndrome ⋅ Craniosynostosis FGFR2 mutations Mild to moderate

(AD) ⋅ Frontal bossing conductive

⋅ Wide set eyes hearing loss
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Syndrome Main Clinical Features Genetics Hearing loss

⋅ Hypoplastic midface

⋅ Proptosis

⋅ Small upper jaw

⋅ Syndactyly

Crouzon ⋅ Synostosis FGFR2 Conductive

syndrome ⋅ High forehead hearing loss

(AD) ⋅ Proptosis

⋅ External strabismus

⋅ Hypertelorism

⋅ Prognathism

⋅ Hypoplastic upper jaw

Saethre- Chotzen ⋅ Brachycephaly TWIST1 Conductive or mixed

syndrome ⋅ Low frontal hair line

(AD) ⋅ Flattened nasofrontal angle

⋅ Widely spaced eyes

⋅ Ptosis

⋅ Facial asymmetry

⋅ Syndactyly

⋅ Broad or duplicated thumb or hallux

Pfeiffer syndrome ⋅ Broad face is midface hypoplasia FGFR1 & Conductive

(AD) ⋅ Prognatism FGFR2

⋅ High forehead, flat occiput, hypertelorism

⋅ Swallowing orbits which cause proptosis

⋅ Skull malformation

⋅ Limb abnormalities

Townes-Brock ⋅ Anus imperforatus It is caused by Sensorineural or

syndrome ⋅ Rectovaginal mutations in conductive

(AD) ⋅ Rectoperineal fistula SALL1 hearing loss

⋅ External ear anomalies

⋅ Thumbs malformation

Miller syndrome ⋅ Malar hypoplasia DHODH Conductive

(AR** or AD) ⋅ Micrognathia hearing loss-

⋅ Down-slanting eyes mainly due to
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Syndrome Main Clinical Features Genetics Hearing loss
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Syndrome Main Clinical Features Genetics Hearing loss

⋅ Coloboma anomalies of

⋅ Cleft palate middle ear

⋅ Limb defects

Nager syndrome ⋅ Limbs abnormalities Not known Conductive or

(Sporadic, AD or ⋅ Maxillar hypoplasia mixed hearing

AR) ⋅ Micrognatia Loss

Goldenhar ⋅ Hemifacial microsomia Genetic Ranges from

syndrome ⋅ Auricular malformations heterogeneity mild to moderate

(Sporadic, AR or ⋅ Vertebrae abnormalities conductive

AD) ⋅ Facial cleft impairment and

⋅ Ocular abnormalities severe to profound

⋅ Congenital heart diseases
sensorineural
hearing loss

Usher Syndrome ⋅ Type 1: vestibular dysfunction onset MYO7A, USH1C, CDH23, Profound hearing

(AR) of retinitis pigmentosa in childhood PCDH15,USH1G & CIB2, Loss

⋅ Type 2: normal vestibular response VLGR1, WHRN, PDZD7 Mild to moderate

retinitis pigmentosa begins in the second
decade of life

hearing loss

⋅ Type 3: variable vestibular response, USH3A, CLRN1
Progressive hearing
loss

variable onset of retinitis pigmentosa

Pendred syndrome ⋅ Abnormal iodine metabolism (goiter) SLC26A4 , FOXI1, KCNJ10
Usually bilateral,
severe to

(AR) profound

Jervell & Lange-
Nielsen

⋅ SIDS, syncopal episodes prolongation of KCNQ1, KCNE1
Sensorineural
hearing loss

(AR) the QT interval

Perrault syndrome ⋅ Ovarian dysfunction in females, HSD17B4, HARS2, LARS2
Sensorineural
hearing loss

(AR) ⋅ Intellectual disability,

⋅ Loss of sensation and weakness in the limbs

Alport syndrome
(AR,AD, X-Linked)

⋅ Renal abnormalities including
glomerulonephritis, hematuria, and renal
failure

COL4A3, COL4A4 and
COL4A5

Progressive
sensorineural
hearing loss

Advances in Genetic Diagnosis and Treatment of Hearing Loss — A Thirst for Revolution
http://dx.doi.org/10.5772/61218

63



Syndrome Main Clinical Features Genetics Hearing loss

⋅ Hearing loss usually begins in the adolescent
years

Mohr-Tranebjaerg
syndrome
(X-Linked)

⋅ Visual disability
⋅ Dystonia, fractures
⋅ Intellectual disability

TIMM8A
Progressive hearing
loss

Norrie Syndrome
(X-Linked)

⋅ Eye disorder
⋅ Developmental delays in motor skills
⋅ Mild to moderate intellectual disability

NDP
Sensorineural
Progressive HL

*AD- Autosomal dominant inheritance, **AR- Autosomal recessive inheritance

Table 5. Syndromic hearing loss and their clinical features. Modified from [34].

3. Genetic evaluation of hearing loss

Despite the significant advances in understanding the molecular basis of hearing loss, precise
identification of genetic cause still presents some difficulties due to phenotypical variation.
Gene discovery efforts for hearing disorders are complicated by the extreme heterogeneity.
Usher syndrome or Jervell and Lange-Nielsen syndrome, which can be mistaken for nonsyn‐
dromic hearing loss, where Usher syndrome can be caused by mutations in several different
genes. We must therefore have a clear understanding of the different types of diagnostic tests
available to patients, including karyotyping, RFLP, FISH, microarray, clinical exome sequenc‐
ing, preimplantation genetic diagnosis, and newborn genetic screening. Establishing a genetic
diagnosis of hearing loss is a critical component of the clinical evaluation of hearing impaired
persons and their families. If a genetic cause of hearing loss is determined, it is possible to
provide families with prognostic information, recurrence risks, and improved habilitation
options [9].

The identification of genes or genetic cause for hearing loss is a breakthrough approach. First
we have to rule out non-genetic causes, then syndromic causes, and then look for non-
syndromic causes. Mutations in some of these genes, such as GJB2, MYO7A, CDH23, OTOF,
SLC26A4, TMC1 are quite common for responsible of hearing loss. GJB2 mutations are the most
frequent cause of autosomal recessive non-syndromic hearing loss (ARNSHL) and account for
about 20% of the cases, therefore routine screening begins with GJB2 analysis [35]. Newborns
that are diagnosed with severe-to-profound HL (in the absence of other abnormal findings on
physical examination) are analyzed for mutations in the GJB2 gene. For abnormalities such as
an enlarged vestibular aqueduct indicated by imaging of the inner ear, the SLC26A4 gene is
analyzed. It is exceptional to find any gene other than GJB2 and SLC26A4 that is routinely
analyzed in DNA diagnostics. In such cases, a positive result is only obtained in less than 20%
of deaf children for which DNA diagnostics is requested [2, 36]. The key challenge lies in
determining which gene is responsible in a patient with hearing loss. Sequencing all genes by
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traditional DNA sequencing technology is labor-intensive and not cost-effective [35, 36]. In
such case, next-generation sequencing offers rapid sequencing of the entire human genome
compared to traditional molecular testing that focuses on a single gene at a time. However,
Sanger sequencing is still recommended for first-line diagnostics. It is currently the standard
for molecular diagnosis of unknown point mutations in known genes. Screening can be cost-
effective in individuals with genetically heterogeneous hearing loss phenotypes when a single
gene is responsible for a significant percentage of cases.

3.1. Next-generation sequencing

With the fast development and wide applications of next-generation sequencing (NGS)
technologies, genomic sequence information is within reach to aid the achievement of goals
to decode life mysteries and improve life qualities. Today, NGS-based tests are rapidly
replacing traditional tests, which include many single gene-sequencing tests for hearing loss.
These tests use disease-targeted exon capture, whole-exome sequencing (WES), or whole-
genome sequencing (WGS) strategies. The main advantage of these tests is that they address
the problem of genetic heterogeneity, where many different genes result in phenotypes that
cannot be easily distinguished clinically [36-39]. NGS also offers sequencing of very large gene
or in presence of substantial locus heterogeneity, where it may be difficult to analyze the same
gene by comprehensive Sanger sequencing.

NGS systems are typically represented by SOLiD/Ion Torrent PGM from Life Technologies,
Genome Analyzer/HiSeq/MiSeq/NextSeq from Illumina, and GS FLX Titanium/GS Junior from
Roche. Today, Illumina dominates the genome sequencing market, where instrument versa‐
tility, high throughput and accuracy, turnaround speed, faster and simpler sample prepara‐
tion, and supportive data analysis software make it a driving force and the clear winner as of
now. Their technology creates new applications and also decipher many existing genetic
research and clinical diagnostic markets.

Targeted genomic capture and massively parallel sequencing technologies are revolutionizing
genomics by making it possible to sequence complete genomes of model organisms. However,
the cost and capacity required are still high, especially considering that the functional signif‐
icance of intronic and intergenic noncoding DNA sequences is still largely unknown. One
application that these technologies are well suited for is the re-sequencing of many selected
parts of a genome, such as all exons, from a large set of genes. This requires that the targeted
parts of the genome are highly enriched in the sample. Recent technological changes, such as
genome capture, genome enrichment, and genome partitioning, have successfully been used
to enrich large parts of the genome [40-42]. The targeted fragments can subsequently be
captured using solid- or liquid-phase hybridization assays [43, 44].

Clinical exome sequencing or whole-exome sequencing is a highly complex molecular test that
analyzes the exons or coding regions of thousands of genes simultaneously from a small
sample of blood, using NGS techniques. Exome sequencing is especially valuable when a
patient’s symptoms suggest numerous possible genetic causes. The whole-exome sequencing
test sequences base by base with the required depth of coverage to achieve accurate consensus
sequence rather than limiting the testing to a single gene or panel of genes and incurring
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diagnostic delays and escalating costs. It is possible to identify point mutations, insertions,
deletions, inversions, and rearrange the exome.

Hearing status Locus/disorder Gene Strategy References

Nonsyndromic
Recessive

DFNB79 TPRN Targeted enrichment of
genomic locus

[48]

DFNB82 GPSM2 Whole exome [49]

DFNB84 OTOGL Whole exome [50]

Dominant DFNA4 CEACAM16 Whole exome [51]

DFNA41 P2RX2 Targeted enrichment of
genomic locus

[52]

X-Linked DFNX4 SMPX Targeted enrichment of
genomic locus

[53]

Syndromic Perrault syndrome HSD17B4 Whole exome [54]

Perrault syndrome HARS2 Targeted enrichment of
genomic locus

[55]

Carnevale, Malpuech,
Michels, and oculo-
skeletal-abdominal
syndromes

MASP1 Whole exome [56]

Hereditary sensory and
autonomic neuropathy
type 1 (HSAN1) with
dementia and hearing loss

DNMT1 Whole exome [57]

Table 6. Deafness genes identified using genomic capture and massively parallel sequencing.

Among NGS applications, whole-exome sequencing is a cost-effective alternative to whole-
genome sequencing. The total size of the human exome is ~30 Mb, which comprises ~180,000
exons that are arranged in about 22,000 genes and constitute about 2-3% of the entire human
genome, but contains ~85% of known disease-causing variants. The exome refers to the portion
of the human genome that contains functionally important sequences of DNA that direct the
body to make proteins essential for the body to function properly. Research revealed that most
of the errors that occur in DNA sequences are usually located in the exons that lead to genetic
disorders. Consequently, sequencing human exome is considered to be an efficient method to
discover the genetic cause of hearing disorders. Currently, sequencing whole genomes is still
a substantial undertaking, which is not a routine procedure that can be done on hundreds of
samples. At present, exome sequencing represents an alternative in which, approximately
30-70 Mb sequences encompassing exons and splice sites are targeted, enriched, and sequenced
using commercially available sequence capture methods. Several Human Exome Sequence
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Capture kits are now commercially available. These include the Agilent SureSelect Human All
Exon Kit, the Illumina Nextera Rapid Capture Exome and Nextera Rapid Capture Expanded
Exome Kit, the TargetSeq In-solution Target Enrichment Kit from Life Tech/Applied Biosys‐
tems, and SeqCap EZ Exome from Roche NimbleGen. Clinical exome sequencing should be
considered in the diagnostic assessment of a phenotype individual when a genetic disorder is
suspected clinically, but limited genetic testing is available clinically, the patient’s features are
unclear or atypical, there are multiple genetic conditions as part of the differential diagnosis,
and a novel or candidate gene is suspected but has yet to be discovered.

Hundreds of syndromic forms of deafness have been described, and for many of them, the
underlying genes still await discovery. Since the introduction of the first NGS technology in
2004, more than 1,000 NGS-related manuscripts have been published. Until now, approxi‐
mately a dozen of genes for HL have been successfully determined using NGS [45-47] (Table 6).

3.1.1. Sequencing panels

Consider a case where there is an interest in a large but limited subset of particular genes, not
the whole genome, or even the whole exome, but more than just one or two genes. This sort
of situation frequently arises in the context of oncology, where the characterization of a set of
oncogenes on a set of pathways can help stratify cases and select the best therapeutic options.
These may consist of 30-150 particular target genes, with a desire to have high throughput by
analyzing multiple different specimens within a single NGS run. Generally referred to as “NGS
panels,” this is a third form of library which, depending on design, may start with extracting
genomic DNA from a test sample where selection of targets of interest is performed. This can
be by gene-specific PCR, leading to a pool of amplicons (already of the desired length, although
in this case with defined endpoints), by hybridization capture, or by selective genomic DNA
coding only for particular genes. This genetic material is then a very focused subset of the
source genome from which to prepare the library material for dispersion and sequencing,
following either of the paths above as appropriate to the sample type (note that for a direct
PCR amplified genomic DNA panel type, the size shearing and adapter ligation steps may be
dispensed with as these are effectively carried out in the PCR step).

A particularly clever aspect of NGS panels is that it is possible, either in the direct PCR stage
for genomic DNA-based panels or in the adapter ligation step for exome-based panels, to use
PCR primers or adapters, respectively, which contain an internal sequence element (commonly
referred to as a “barcode”) that is distinct to each sample prepared. This then allows multiple
panel libraries from different samples to be mixed together prior to the dispersion and actual
sequencing steps. By doing this, each individual sequence read will start with a sample-unique
“barcode,” allowing it to be associated back to the sample of origin. This allows many different
unrelated panel sample libraries to be mixed together in one dispersion and sequencing run,
thereby taking full advantage of the massively parallel nature of NGS technology and allowing
for high throughput with respect to the number of samples per run. This makes panels highly
cost-effective and of relatively low labor input on a per-sample basis. Depending on the type
of research or clinical question being addressed in an NGS assay, the choice of the best method
helps to make results cost-effective and most directly meaningful.
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Different panels designed to diagnose hearing loss include:

• Hearing Loss Panel Tier 1—testing for mutations in GJB2, GJB6, MTRNR1, and MTTS1 that
account for 40% of the genetic causes of hearing loss. Reflex testing to OtoSeq® Hearing
Loss Panel is an option for patients with normal Tier 1 results. This panel contains 23 genes,
which identifies an estimated 80% of the genetic causes of hearing loss.

• OtoGenomeTM Test Panel offered by Partners Healthcare. This test panel simultaneously
screens 87 genes known to cause both non-syndromic hearing loss and syndromes that can
present as isolated hearing loss, such as Usher, Pendred, Jervell and Lange-Nielsen (JLNS),
Branchio-Oto-Renal (BOR), Deafness and Male Infertility (DIS), Perrault, and Waardenburg
syndromes.

3.1.2. NGS data analysis

The large amount of data derived from NGS platforms imposes increasing demands on
statistical methods and bioinformatic tools for the analysis. Although the NGS platforms rely
on different principles and differ in how the array is made, their work flows are conceptually
very similar. All of them generate millions or billions of short sequencing reads simultane‐
ously. Several layers of analysis are necessary to convert these raw sequence data into
understanding of functional biology. These include alignment of sequence reads to a reference,
base-calling and/or polymorphism detection, de novo assembly from paired or unpaired reads,
and structural variant detection (Figure 1). To date, a variety of software tools are available for
analyzing NGS data. Although tremendous progress has been achieved over the last several
years in the development of computational methods for the analysis of high-throughput
sequencing data, there are still many algorithmic and informatics challenges remaining. For
example, even if a plethora of alignment tools have been adapted or developed for the
reconstruction of full human genotypes from short reads, this task remains an extremely
challenging problem. Also, when a high-throughput technology is used to sequence an
individual (the donor), any genetic difference between the sequenced genomes and a reference
human genome—typically the genome maintained at NCBI—is called the variant. Although
this reference genome was built as a mosaic of several individuals, it is haploid, and may not
contain a number of genomic segments present in other individuals. By simply mapping reads
to the reference genome, it is impossible to identify these segments. Thus, de novo assembly
procedures should be used instead. Nonetheless, NGS technologies continue to change the
landscape of human genetics. The resulting information has both enhanced our knowledge
and expanded the impact of the genome on biomedical research, medical diagnostics, and
treatment, and has accelerated the pace of gene discovery [47].

Clinical diagnostic using NGS technologies may be applicable in such cases where clinicians
consider a non-syndromic hearing disorder, especially after negative results on tests for
mutations in the autosomal recessive DFNB1 locus for GJB2 or GJB6, according to recently
published guidelines [39, 58]. Updated guidelines from the American College of Medical
Genetics and Genomics (ACMG) recommend that clinicians consider NGS when testing for
genetic causes of hearing loss [56]. Prior to considering genetic testing, clinicians should
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undertake a comprehensive evaluation of the patients' medical histories, including birth, that
will help distinguish acquired versus inherited causes of hearing loss. They should also
perform audiological evaluations to determine the type and degree of hearing loss, as recom‐
mended by ACMG. ACMG also recommends genetic testing and counseling that could include

 

 

 

Figure 1. Next-generation sequencing: An approach from sample to analysis. 
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single-gene tests, panels, genome/exome sequencing, chromosome analysis, and array-based
copy number analysis if clinical findings suggest syndromic genetic hearing loss. Single-gene
testing may be needed if medical and family history suggests non-syndromic hearing loss that
is not associated with environmental causes. If none is suggested, the next step could be GJB2
or GJB6 testing. If single-gene tests yield no diagnosis, clinicians may consider NGS that
quickly replaces many single-gene tests for hearing loss and can assess patients whose
phenotypes are not easily distinguished clinically [58].

3.2. Cytogenetics

Cytogenetic tests are a diagnostic tool for a number of clinical syndromes associated with
hearing loss. They proved the causal association between specific chromosomal abnormalities
and clinical features observed in patients. Although cytogenetics is not the first technique to
be considered when evaluating a child with non-syndromic deafness, this form of testing could
be valuable in cases of deafness of unknown etiology, particularly if there were accompanying
congenital anomalies, or a family history of multiple spontaneous abortions. When all other
causes of deafness are eliminated, cytogenetics could be used to determine if the hearing loss
may be due to a chromosome rearrangement, such as a balanced translocation. The advantage
would be that, if such a chromosome rearrangement were found, it would immediately suggest
the location of the deafness gene [59].

Cytogenetic or molecular cytogenetic tests such as karyotyping, fluorescent in situ hybridiza‐
tion (FISH), or chromosomal microarray analysis (CMA) may provide diagnostic information
when syndromes characterized by chromosomal aneuploidies, structural rearrangements, or
deletions or duplications are suspected. Genetic testing of specific individual genes (PAX3 for
Waardenburg syndromes types I and III), or small panels of genes related to a specific clinical
finding (FGFR-related craniosynostosis panel) may be appropriate, depending on the sus‐
pected diagnosis [60].

3.2.1. Prenatal diagnosis

Prenatal diagnosis of chromosomal aberrations requires cytogenetic analysis of amniotic fetal
cells. Amniocentesis is an invasive, well-established, safe, and reliable test during pregnancy
that removes a small amount of fluid from the sac around the baby to look for birth defects
and chromosomal problems. Amniocentesis is done from 12 to 15 weeks of gestation for
chromosomal analysis. When the amniotic sample is received in the laboratory, it is centrifuged
at 750 rpm for 10 minutes. The amniotic fluid is then carefully decanted from the cell pellet
into a sterile test tube, and then the cell pellet is re-suspended in amniotic fluid. Then, suitable
medium supplemented with fetal bovine serum, L-glutamine, and antibiotics are added and
the cultures are incubated at 37ºC in 5% CO2 incubator. The cells are harvested at 8-10 days
after culture, subjected to routine hypotonic and fixative treatments as for whole blood culture,
and then the chromosomes are analyzed [61].

Genetic screening for a specific mitochondrial mutation during pregnancy could offer a
strategy of minimizing hearing loss in babies from exposure to avoidable risk factors such as
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neonatal use of aminoglycoside antibiotics [3]. Genetic counseling should ideally be offered to
all pregnant women who have a family history of any condition that might be tested by either
amniocentesis or chorionic villus sampling (CVS). It is important to offer genetic counseling
before and after prenatal diagnostic testing. The important aspects should be considered such
as presentation of the background risk of congenital disease and anomaly, and individual
increased risks (such as increased maternal age), options and limitations for prenatal genetic
diagnosis, possible diseases that can be detected, risks associated with the relevant tests, and
conflictual areas in relation to prenatal diagnosis and alternatives. [62]. Different techniques
used in genetic analysis and their applications are summarized in Table 7.

Techniques Applications Year, Discovered/
Reported by

References

Sanger Sequencing Sequencing of targeted genes to analyze
variations

1975, Frederick Sanger [63]

FISH (fluorescence in situ
hybridization)

Detect and localize the presence or absence
of specific DNA sequences on chromosomes

1980, Bauman
et al.

[64]

RFLP (Restriction Fragment
Length Polymorphism)

Variations in homologous DNA sequences 1984, Sir Alec Jeffreys [65]

Microarray Copy number variation of numbers of genes
involved in disease

1995, Schena et al. [66]

qRT-PCR Copy number variations of targeted genes 1996, Heid et al. [67]

SMRT (Single molecule
real time sequencing)

Detects variations of entire genome and/or
coding regions, genome resequencing,
transcriptome profiling, DNA-protein
interactions, maximum read length >40,000
bases

2003, Levene
et al.

[68]

Clinical exome sequencing Analyzes the exons or coding regions of
thousands of genes simultaneously

2009, Sarah B Ng et al. [69]

Table 7. Different techniques used in genetic analysis and applications.

Molecular genetic testing can be helpful because an etiology cannot be otherwise established
in the majority of individuals with genetic hearing loss. Molecular analysis is essentially non-
invasive and may reduce the need for more extensive and expensive testing; it sometimes
requires sedation or general anesthesia of infants and children. Molecular analysis can be
beneficial for the diagnosis of syndromic hearing loss before additional features emerge (e.g.,
in Pendred syndrome or Jervell and Lange-Nielsen syndrome), and can distinguish individ‐
uals with mitochondrial mutations who are at risk for iatrogenic hearing loss when treated
with aminoglycosides [4]. There are other benefits of molecular analysis, which include
associated knowledge of the pattern of inheritance and more accurate genetic counseling.
Recently developed high-throughput techniques reduce the burden of the costs of sequencing.
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For example, sequencing costs have massively reduced from $5,292.39/Mb in 2001 to $0.06/Mb
by April 2013 [70]. It is estimated that the sequencing costs will further reduce with precipitous
dropping per-base cost with advancing techniques.

3.3. Limitations and challenges

Despite the significant advantages of genetic testing, there are also several limitations and
challenges. These limitations and challenges are briefly discussed below:

• The spectrum of DNA variation in a human genome comprises small base changes (substi‐
tutions), insertions and deletions of DNA, large genomic deletions of exons or whole genes,
and rearrangements such as inversions and translocations. Traditional Sanger sequencing
is restricted to the discovery of substitutions and small insertions and deletions [71].

• Although NGS promises a personalized approach to complex diseases, it has limitations.
NGS cannot detect large deletions or duplications of DNA or nucleotide repeats that can
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or WGS approaches, and large deletions and duplications, in addition to copy-number and
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• It is possible to determine with recent technology if an asymptomatic newborn has a
mutation in the genes known to be implicated to hearing loss, although there is no certainty
that all of these genes will be responsible for the incidence of hearing loss in the future.

• Current methods of DNA analysis require 2-5 mls of blood, which would be unacceptable
for a newborn screen. However, It is anticipated that sufficient DNA could be extracted from
a drop of blood collected for newborn bloodspot metabolic screen, with improved sequence
techniques (the Guthrie test) [3].

• Genetic testing for deafness is not collectively perceived to be advantageous. Deafness is
not usually considered to be negative or limiting especially by the deaf community. Many
deaf individuals consider themselves to be part of their own linguistic (sign language) and
cultural group, where they have their own values, identity, and traditions. It is not perceived
to be a medical condition or disability. As a result, advances in hearing loss research and
genetic testing might be perceived as harmful. Genetic services may be considered; however,
some individuals prefer to have deaf children [4, 73].

• A positive genetic test can also lead to an increased level of anxiety and individuals may
feel guilty for having potentially passed a gene alteration on to their children.

4. Development and evaluation of genetic treatment for hearing loss

Despite recent developments in medicine, there is still no cure for most types of hearing loss.
The development of a biological method for the repair, regeneration, and replacement of hair
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cells of the damaged cochlea has the potential to restore normal hearing. At present, gene
therapy and stem cells are two promising therapeutic applications for hearing disorders.

4.1. Gene therapy

Gene therapy involves using specific sequences of DNA to treat human disease. It is an
experimental form of treatment that is still being developed, but it has a unique application
for hearing loss. Two main gene therapy approaches have been considered: replacing a
mutated gene that causes disorder with a healthy copy of the gene, or inactivating a mutated
gene that is functioning improperly. Gene therapy technology has improved in recent years,
making it a promising technique for treating hearing disorders. The gene vector, the route of
gene administration, the therapeutic gene, and the target cells are four major elements of gene
therapy. With the recent developments in the field, a wide variety of viral and non-viral vectors
have emerged that can deliver genetic payloads to target cells in the inner ear. There are three
viral vectors commonly utilized for gene therapy (targeted at the inner ear): adenoviral vectors,
adeno-associated viral vectors, and lentiviral vectors. Several promising clinical trials have
been reported using gene therapy.

The first study of gene therapy for hearing disorders was reported in 1994 by Fujiyoshi and
colleagues. They developed the myelin basic protein (MBP) transgenic mice by microinjecting
an MBP cosmid clone into the pronucleus of fertilized eggs of shiverer mice to replace the
autosomal recessive mutation (deletion) gene by the transgene for MBP. The MBP transgenic
mice were found to recover up to 25% of normal levels of MBP, and significantly higher
myelinated axons were present in the transgenic mice compare to control mice [74, 75]. In 1996,
other studies reported that foreign genes were successfully transfected into the inner ear using
replication-deficient viral vectors [75-77].

The discovery of RNA interference (RNAi)-mediated gene inactivation has introduced a new
mechanism for targeted therapy of the inner ear at the molecular level [78]. RNAi is an
intracellular two-step process that converts precursor double-stranded RNA molecules into
functional small interfering RNAs (siRNAs). Synthetic double-stranded RNAs can be intro‐
duced as siRNA mimics and used to trigger RNAi and intentionally reduce the expression of
targeted genes for therapeutic applications. A few allele variants of GJB2 cause autosomal
dominant non-syndromic hearing loss as a dominant-negative consequence of expression of
the mutant protein. Allele-specific gene suppression by RNAi is a potentially attractive
strategy to prevent hearing loss caused by this mechanism [79]. Since inheritance is autosomal
dominant, silencing the mutated allele is predicted to preserve hearing. A recent proof-of-
principle study validated this prediction—an siRNA was shown to potently suppress expres‐
sion of the R75W allele of human GJB2 in a murine model [79, 80].

Bacterial artificial chromosome (BAC) mediated transgenesis has proven to be a highly reliable
way to obtain accurate transgene expression for in vivo studies of gene expression and
function. BAC transgenes direct gene expression at physiological levels with the same
developmental timing and expression patterns as endogenous genes in transgenic animal
models. Recently, transgene expression through the germline was demonstrated to maintain
normal inner ear morphology and stable hearing function in a mouse model of human non-
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syndromic deafness DFNB3 caused by a missense mutation in the Myo15a gene on mouse
chromosome 11. In addition, excess Myo15a expression has no physiologically significant
protective or deleterious effects on hearing of normal mice, suggesting that the dosage of
Myo15a may not be problematic for gene therapy [80, 81].

Neurotrophic factors are essential in the development of the inner ear and are able to protect
inner ear hair cells and spiral ganglion neurons from the damage caused by various pathogenic
factors and promote the recovery from cochlear injury. Up to now, more than 20 neurotrophic
factors have been revealed with protective effects on inner ear cells [75]. Neurotrophin gene
therapy is promising both in the protection against exogenous damage and the regeneration
after endogenous and exogenous damage. It has been reported that neurotrophic factors, such
as BDNF (brain-derived neurotrophic factor), NT-3 (neurotrophins 3), TGF (transforming
growth factor), GDNF (glial cell line-derived neurotrophic factor), FGF (fibroblast growth
factor), CNTF (ciliary neurotrophic factor), and HGF (hepatocyte growth factor) have protec‐
tive effects of different extents on inner ear hair cells and neurons [82-86].

The discovery of new therapies for the treatment of hereditary hearing loss will depend on a
better understanding of gene function in the survival and differentiation of existing neurons,
and encourages the growth and differentiation of new neurons and synapses, bonding nerves
to cochlear hair cells to form synaptic connections as well as in maintaining the unique inner
ear ion balance.

Atoh1 (Math1) gene acts as a “switch” to turn on hair cell growth and it is discovered that Atoh1
is artificially switched on in the cells that support hair cells (called “supporting cells”); it
instructs them to divide and form new hair cells. Atoh1 (Math1) plays an important role in the
differentiation of hair cells of the developing inner ear and restore auditory function [87-89].
Using the tools of gene therapy may activate Atoh1 to induce undamaged cells within the
cochlea to develop into hair cells in an adult human ear and rebuild a damaged ear by
replicating the steps that took place during embryonic development. There is still a lot of work
to be done for human adult ear. CGF-166 gene therapy has been shown to activate the Atoh1
biological pathway and the gene was able to safely restore hearing in animal models. Recently,
the clinical trial started to test if CGF166 will have the same beneficial effect in humans [90].
Researchers believe that this therapy would not help people with types of inherited deafness
where the structures in the ear needed to support new hair cell growth are missing or those
who have damaged auditory nerves.

There is no ideal gene delivery system for gene therapy so far. Three kinds of vectors (bacterial
vector, multiplex gene vector, labeled gene vector) may have great prospects. Long-term
human gene therapy will not be feasible until there is substantial improvement in transduction
efficiencies into human tissues. The combination of more efficient gene transfers, targeted
vector systems, and effective and relatively nontoxic selection systems to maintain gene
expression may make the long-term correction of hearing disorders feasible and safe. Some
practices of inner ear gene therapy may need to be carried out at the embryonic stage for the
treatment of hereditary hearing loss in the future.
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4.2. Stem cells therapy

The recent developments in stem cell technologies are opening novel therapeutic possibilities
for the treatment of hearing disorders. Stem cell therapy is a relatively new technique used to
treat many forms of human disease in which exogenous stem cells are used to replace dead or
damaged endogenous cell types. In recent years, researchers have undertaken a number of
successful animal studies in the area of developing stem cell therapies for hearing loss and
able to turn stem cells into many of the cell types in the inner ear whose damage and death
leads to hearing loss, such as hair cells and auditory nerve cells.

Stem cells are a group of cells in our bodies with the capacity to self-renew and differentiate
to various types of cells, thus to construct tissues and organs. When a stem cell divides, each
new cell has the potential either to remain undifferentiated (self-renewal) or become a
specialized (differentiation) type of cell with a specific function. Stem cells can be classified
into different types, based on their source of origin, the time of derivation, and the potential
to produce different lineages. The primordial master stem cell is the zygote. The zygote and
early blastomeres are totipotent and can generate any and all human cells type in the body,
such as the brain, liver, blood, or heart cells. It can even give rise to a whole functional organism
including extraembryonic tissues. Pluripotent stem cells have a slightly more limited potential.
They have the ability to produce cell types from all three embryonic germ layers (endoderm,
mesoderm, and ectoderm), including all the somatic lineages as well as germ cells; but
infrequently, if ever, can produce extraembroynic lineages such as those from the placenta. It
cannot form an entire functional organism. Lastly, multipotent stem cells such as hemato‐
poietic stem cells have a more limited ability, producing cell types usually restricted to a single
organ or germ layer. Multipotent stem cells have the ability to differentiate into a closely related
family of cells. Pluripotent stem cells have the widest range of potential applications. They can
generally be classified as embryonic or adult, depending on their developmental stage of
derivation.

Embryonic and adult stem cells differ primarily in the number of different cells each can
produce. Embryonic stem cells are derived from a four- or five-day-old embryo that is in the
blastocyst phase of development. It can develop into any cell type of the body. In contrast,
adult stem cells reside in many organs of the adult human body and can generate a range of
cell types from the originating organ or even regenerate the entire original organ. Adult stem
cells can be found in a great number of organs and tissues including the brain, bone marrow,
peripheral blood, blood vessels, skeletal muscle, skin, teeth, heart, gut, liver, ovarian epithe‐
lium, and testis [91]. A relatively recent breakthrough in stem cell research is the discovery
that specialized adult (somatic) cells can be ‘reprogrammed’ into cells that behave like
embryonic stem cells, termed induced pluripotent stem cells (iPSCs) [92]. Like human
embryonic stem cells, the iPS (induced pluripotent stem cells) cells are immortal, pluripotent,
and express genes characteristic of all three embryonic germ cell layers (endoderm, ectoderm,
and mesoderm) when induced to differentiate.
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A number of criteria must be satisfied to achieve functional restoration, including generation
of an adequate number of cells to invert the defects, differentiation of the cells to the correct
phenotype, formation of appropriate three-dimensional tissue structures, and production of
cells/tissues that are mechanically and structurally complaint with the native tissue without
immunological rejection [80, 93]. The generation of neural stem cells and control of neural
differentiation from human embryonic stem cells have opened new doors for therapy of
hearing disorders. Several studies have demonstrated successful delivery of embryonic and
adult stem cells to normal and damaged tissues in vivo, and in some cases a therapeutic effect
has been observed.

One of the first reports of stem cell delivery to the inner ear was a study by Ito and colleagues
(2001) that demonstrated survival and migration of adult rat hippocampus-derived neural
stem cells (NSCs) implanted into the rat cochlea. Within 2-4 weeks of grafting to the cochlea,
some NSCs survived in the cochlear cavity. Some of them had adopted the morphologies and
positions of hair cells [94]. Following this study was a report about the potential of NSC
transplantation to the damaged mouse cochlea. The majority of transplanted cells integrated
in the vestibular sensory epithelia and expressed specific markers (myosin VIIa) for hair cells
in vivo. The result of this study suggests that transplanted NSCs have the potential to differ‐
entiate and restore inner ear hair cells. However, a small number of hair cell marker-positive
grafted cells and no evidence of synaptic connections between transplants and host spiral
ganglion neurons hampered well-established methods for functional recovery [95]. The
principal differences between human and mouse NSCs seem to be the length of the cell cycle
(up to 4 days in humans) and the predilection of human cells to senesce (after ~100 cell
divisions) [96]. NSCs can achieve therapeutic efficacy in human clinical applications, although
many limitations remain to be overcome.

Several studies reported on the transplantation of embryonic stem (ES) cells into the inner ear.
ES cells have the ability to differentiate into neuronal cell types when transplanted into the
spiral ganglion of cochlea. ES cells that have been transplanted into the spiral ganglion of the
cochlea were found to express neural markers [97, 98] and develop cellular processes similar
to axons that extend towards the organ of Corti [99-102]. Some of these stem cell-derived
neurons were shown to establish synaptic contacts with sensory hair cells, the peripheral target
for spiral ganglion neurons (SGNs) in vitro (Matsumoto et al., 2008) and to survive in animals
with selective loss of SGNs [99, 103].

For a cell therapy approach aiming at restoring impaired function, implanted cells need to be
able to convey auditory information from the periphery to more centrally located nuclei.
Recent studies have shown that dorsal root ganglion cells or ES cells are transplanted to the
transected auditory nerve migrated along the nerve fibers in the internal auditory meatus and,
in some cases, even reach proximate to the ventral cochlear nucleus in the brainstem [104,
105]. Interestingly, Ito et al. (2001) reported that embryonic brain tissue transplanted to the
acutely transected ventral cochlear tract resulted in not only regeneration but additionally
functional recovery [105, 106]. However, there are many chemical factors that produce a barrier
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between the peripheral and central nervous system and could impede the ability of central
processes of replacement neurons to make a connection in the cochlear nucleus.

A number of studies have shown that adult bone marrow-derived stem cells (MSCs) can also
have therapeutic potential in the damaged inner ear. MSCs have shown plasticity with a
capacity to differentiate into a variety of specialized cells. MSCs have been delivered both
systemically and by direct injection through the scala tympani into the mouse and gerbil
cochlea respectively [107, 108]. Matsuoka and colleagues investigated the potential of MSCs
to adopt properties of SGNs in vivo [108]. Identification of stem cells in the human fetal cochlea
[109] contributes to the study stem cell biology of the auditory organ in humans, while
advances in identification of stem cells have been made in rodents [110].

Umbilical cord blood (UCB) is the most recently identified useful source of hematopoietic stem
cells (HSCs) for treatment of a wide variety of disorders. UCB has potential applications in
hearing disorders. A study provided the first evidence of positive engraftment of intrave‐
nously transplanted human umbilical cord blood CD133+ HSCs into the inner ear of NOD-
SCID mice rendered deaf with kanamycin and noise in vivo [111]. In another study, the
researchers have demonstrated that hematopoietic stem cell transplantation (HSCT) may
provide improvement in mucopolysaccharidosis-associated sensorineural hearing loss [112].
Recently, an FDA-approved clinical trial involving stem cells derived from UCB has been
initiated for treatment of children with sensorineural hearing loss [113].

Mammalian cochlear hair cells do not regenerate spontaneously, although vestibular hair cells
in adult mammals regenerate at levels so low as to rule out any significant functional recovery
[114, 115]. The discovery of stem cells has opened the possibility of devising strategies to recruit
these cells to repair damaged or lost cochlear hair cells. Stem cells are important tools for
hearing disorder research and offer great potential for use in the clinic. Certain types of stem
cells, such as neural stem cells, are more capable than others of replacing lost or damaged hair
cells, although they have limitations. There is a great challenge in identifying more effective
ways of directing stem cells to develop into inner ear hair cells. The field of auditory stem cell
research is still in its infancy, although important advances are already taking place. Stem cell
therapy for hearing loss is some years away from being clinically feasible.

5. Management and prevention of hereditary hearing loss

Gene therapy and stem cell treatment have still a long way to go before these treatments will
be available to use in humans. Therefore, existing measures must focus on the prevention of
hearing loss to decrease the frequency of genetic hearing loss. There is a need of improved
implementation of genetic counseling and awareness in populations that are at high risk of
hereditary hearing loss.

Early detection and intervention of hearing loss is the most important factor in minimizing the
impact of hearing loss on a child’s development and educational achievements. At least, all
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children with a risk for hereditary hearing loss need to be given screening audiometry. The
hearing loss can be progressive in nature for a person with autosomal recessive non-syndromic
hearing loss caused by mutations in SLC26A4. In such case, audiometric testing may be
warranted every year. Additionally, thyroid function should be followed if the diagnosis is
consistent with Pendred syndrome [14]. Sequential audiologic examinations are essential to
document the stability or progression of the hearing loss and to identify and treat superim‐
posed hearing losses, such as middle ear effusion.

Knowledge of the genetic cause is helpful in determining the kind of damage to the auditory
system that caused deafness. Identification of the underlying cause in terms of how the inner
ear is damaged may assist in choosing rehabilitation strategies, such as hearing aid or cochlear
implant. In children with congenital severe-to-profound autosomal recessive non-syndromic
hearing loss who are positive for mutations in GJB2 and GJB6 at the DFNB1 locus and who
elect to receive cochlear implants, performance outcome is outstanding [116]. In addition, a
recent cochlear implant study stated that children with identified GJB2 mutations, which cause
an isolated insult to the cochlea without damage to the 8th nerve or the central auditory system,
benefitted from cochlear implantation in the areas of speech production, speech perception,
and language [4].

5.1. Genetic counseling

Genetic counseling is an important part of evaluation and management of hearing disorders.
The process of genetic counseling is intended to inform patients and their families of the
medical, psychological, and familial implications of genetic hearing disorders, as well as the
risks, benefits, and limitations of genetic testing. In the United States, genetics professionals
recommend "non-directive" counseling. It is meant to be informative and supportive rather
than advise people what to do or whether or not to have children. Genetic information can
help predict whether the hearing loss will remain the same or whether it will worsen over time.
In addition, genetic testing can help determine if problems besides hearing loss may be present
or may develop in the future. It can also help patients and families who may be at risk for
conditions that can be passed down in families (inherited conditions). There are a number of
people who may have quite different attitudes about deafness in their family. Some hearing
parents might be concerned about having another deaf child, while others may believe that
the hearing loss would not cause a problem, but they would want to know if any other
associated medical problems might be involved. Likewise, deaf parents may feel comfortable
about their own abilities, but would have a better opinion of not to have a deaf child, in view
of the fact that other deaf parents may be more worried about the challenges of raising a hearing
child [117]. In such case, the genetic counselor should be very cautious in providing informa‐
tion concerning the nature of the disease, the implications of being carriers (mutation carriers
of genes associated with hearing loss), and the reproductive choices. Genetic counseling
services for families with deafness can only be effective and appropriate if the social values of
the deaf community are taken into consideration.
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6. Conclusions and future perspectives

Advances in genetic testing are already directly impacting people’s lives. The demand for
molecular tests is by now increasing with the discovery of the varied molecular defects
underlying hearing loss. Genetic testing has now reached a stage where it is becoming
increasingly applicable for precise diagnosis of hearing disorders. The development of NGS
technology has made DNA sequencing not only rapid and cost-effective, but also highly
accurate and reproducible. In the near future, it is expected that there will be more enhance‐
ments in the speed and cost of DNA sequencing. We are already in the modern DNA se‐
quencing era, where aims of third- and fourth-generation DNA sequencing additionally boost
the speed of sequencing and reduce costs. Although sequencing the whole genome seems
exhaustive, it could be more cost-effective than having to select the genes of interest [118]. Once
genome sequencing becomes more cost-effective and fast, it will accelerate the pace of gene
discovery for deafness and clinical application of this discovery will be realized. Over the next
few years, most molecular genetic testing will be performed on automated instruments and
some genetic tests for hearing disorders will be available as at-home kits on a large scale.

One of the roles of genetic testing is to identify presently known genetic causes of hearing loss
in failed hearing screening of newborns and children who are identified with childhood-onset
hearing loss. Furthermore, it increases our knowledge of the genetic causes of hearing loss.
The potential for increased usage of aminoglycoside antibiotics also supports the case for a
genetic screening program of pregnant women for the m.1555A G mutation, which could avoid
unnecessary cases of hearing loss. Only when a reliable estimate of the future risks of hearing
loss can be made at a reasonable cost will genetic screening become viable [3].

Molecular diagnostic results should always be interpreted with caution, as our knowledge of
the molecular basis of hearing loss is still evolving. Keeping pace with emerging clinical genetic
technologies requires specialized genetic training as well as broad genetic literacy for patients
and clinicians ordering and receiving genetics test results. Genetic information that is shared
by the patient and patient's family is unique. The application of genetic tests has appropriately
generated substantial debate in the community with regard to the delivery and impact of the
information on clinicians, patients, and society in general. The potential for misuse of genetic
information is enormous and requires action to protect the privacy of genetic information and
protect individuals from discrimination based on genetic information. The ethical, legal, and
social issues surrounding genetic testing for hearing loss need to be addressed. In the near
future, more studies of the ethical and social aspects of genetic testing for hearing disorders
should be done. It is hoped that the potential for misuse of genetic information in the future
will be limited.

Some of the novel rehabilitation options under development to slow down the progression of
hearing loss are gene and even mutation specific [80], suggesting that comprehensive genetic
testing will be an integral part of the care of deaf and hard-of-hearing patients in the future [9].
Over time, the genetic diagnostic tests will become available faster, followed by targeted gene
therapy or various permutations of progenitor cell transplantation, and eventually, the
preventive interventions for a wider range of hearing impaired patients.
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Abstract

Hearing loss can occur for various reasons, whether it is of a genetic, congenital or ac‐
quired character. Infectious diseases stand out among those causing this type of deficien‐
cy and account for approximately 25% of all cases of profound hearing loss. Of these,
one-fifth are due to congenital causes. As to classifying hearing loss, this can be done ac‐
cording to where this is in the hearing system, to whether the loss is unilateral or bilater‐
al, and to its intensity or degree. Regarding where the hearing system is affected, hearing
loss can be about transmission (or conduction), perception (sensorineural), or mixed.
Hearing losses arising from any affection of the outer and middle ear are called transmis‐
sion or conductive losses. Sensorineural losses occur due to lesions on the hair cells of the
cochlear organ of Corti (inner ear) and/or of the cochlear nerve. When there is concomi‐
tant conductive and sensorineural affection, the loss is classified as mixed. Hearing loss
can interfere in the lives of affected individuals, since besides affecting communication, it
can influence the quality of life, when the loss leads to feelings of sadness and anxiety, or
even to social isolation. In children, it can moreover represent consequences for develop‐
ment. Thus, appropriate treatment and/or monitoring of infectious diseases is important,
the purpose of which is to see to it that hearing loss is prevented or diagnosed early.

Keywords: Hearing loss, infectious diseases, etiology

1. Introduction

The hearing process begins when sound waves enter the outer ear and travel along the ear
canal to the eardrum, causing it to vibrate. These vibrations are transmitted to the ossicles of
the middle ear, which cause the sound vibration to be amplified before transmission to the
inner ear. The inner ear has a part called the cochlea, which is filled with liquid and contains
hair cells.[1]

© 2015 The Author(s). Licensee InTech. 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.



The frequencies and intensities of the sound determine which hair cells will move. This causes
electrical impulses to be generated and sent through the auditory pathways to the brain so that
it may process the information. These electrical impulses are the codes that the brain can
process and, on understanding them, assigns them various specific meanings.[1]

Hearing losses can be classified according to the location of the portion of the hearing system
affected, to whether the loss is unilateral or bilateral, and to its intensity or degree. The location
of the portion affected of hearing loss has to do with transmission (or conduction), perception
(sensorineural), or a mixture of these (mixed). Sensorineural losses arising from some affection
of the outer and middle ear are called transmission or conductive losses. Sensorineural losses
result from lesions on the hair cells of the cochlear organ of Corti (inner ear) and/or of the
cochlear nerve. When there are concomitant conductive and sensorineural affections, the
hearing loss is classified as mixed.[2]

Hearing loss can occur due to a genetic, congenital, or acquired cause.[3] Among the acquired
causes, many could sometimes be avoided, e.g., infections that occur during pregnancy,
meningitis, and even due to using ototoxic medication.[4]

2. Epidemiology

Deafness is a global problem that affects individuals, families, societies, and governments.
According to the World Health Organization (WHO), deafness affects between 1 and 4 people
per 1,000 individuals, and there has been a considerable increase in poor countries. In 2005,
for example, about 278 million people had degrees of hearing loss between moderate and
profound, and 80% of them live in poor and developing countries.[5] Prevalence greater than
1 per 1000, however, indicates a serious public health problem that needs urgent attention.[6]

Infectious diseases are the leading cause of hearing loss and produce about 25% of profound
losses. Of these, the causes of one-fifth are congenital.[7] The main infections include diseases
such as rubella, cytomegalovirus, and measles.[7]

In the newborn, congenital infections are an important cause of hearing loss, which may have
implications for the development of the child.[8]

3. Pathogenesis

The mechanisms that lead to the onset of viral hearing loss may include infections of the upper
airways, may progress to subsequent involvement of the middle ear, and may occur with
conductive hearing loss.[3]

Moreover, viral invasion of the inner ear can occur.[3] The viruses that can damage the inner
ear may do so at different stages of the life cycle: during intrauterine life, childhood, adoles‐
cence, or adulthood. The pathological changes that predominate in the basal cochlea include
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degeneration of the organ of Corti, atrophy of the stria vascularis, displacement and distortion
of the tectorial membrane, and degeneration of the saccule. The utricle and semicircular canals
tend to be preserved.[9]

4. Main infectious and contagious diseases related to loss of hearing

4.1. Infections by virus

4.1.1. Epidemic parotiditis

Epidemic parotiditis or mumps is an acute systemic and contagious viral infection. A
Paramyxovirus, with an RNA genome, is involved.[10]

The most typical clinical manifestations are sialadenitis, epididymo-orchitis, pancreatitis,
meningitis, and hearing loss. Sensorineural hearing loss occurs in up to 5/10,000 cases and may
appear some days or weeks after the parotiditis.[11]

Deafness is usually sudden, profound, associated with or without nausea, vomiting, dizziness,
and tinnitus.[9] Hearing loss, which is unilateral in 80% of cases, is more common for high
frequencies of sound and may present reduced caloric responses to the vestibular test.[11]

There may be atrophy of the organ of Corti and of the stria vascularis, with minimal effect on
the vestibular system. Also observed are endolymphatic hydrops and obliteration of the
endolymphatic duct.[11]

4.1.2. Infection by cytomegalovirus

Cytomegalovirus (CMV), which belongs to the herpesvirus family, is an enveloped virus that
has the largest genome among the viruses that infect animal species. In immunocompetent
individuals, it is generally responsible for asymptomatic infections.[12]

The highest incidence of the primary infection occurs in two peak periods: the first is in
childhood, with early acquisition as a result of perinatal infection, and the second is in
adolescence, through sexual transmission or by kissing.[12] It infects up to 70% of children
who spend the day in kindergartens, and about 1–2% of infants are infected with CMV.[13]

In the congenital form, clinical manifestations range from the unapparent to the severe and
widespread. Cytomegalic inclusion disease develops in about 5% of the infected fetuses. The
most common manifestations at presentation are petechiae, hepatosplenomegaly, and
jaundice. The occurrence of microcephaly with or without intracranial calcifications delayed
intrauterine growth, and prematurity in 30–50% of cases is observed.[12] Deafness occurs in
20–65% of infants with this disease, which is typically bilateral.[13]

In patients with hearing loss, a consistent pattern follows, and this can develop over a period
of years. Among asymptomatic patients, the rate of hearing loss of such children ranges from
7% to 13% and should therefore be considered in patients with nonsyndromic and nongenetic
hearing loss.[13]
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4.1.3. Rubella

This is a disease with an acute rash caused by an RNA virus of the genus Rubivírus and the
Togaviridae family, which is highly contagious and mainly affects children.[13]

The clinical state is characterized by a maculopapular and diffuse pinpoint rash, starting on
the face, scalp, and neck, later spreading to the trunk and limbs.[13]

The infection acquired after birth usually causes a mild or even subclinical disease. The main
symptoms of this form are retroauricular, cervical and suboccipital lymphadenopathy, rash,
and fever. Complications are uncommon.[10]

Maternal infection during early pregnancy can lead to infection of the fetus, resulting in
congenital rubella.[10] Congenital rubella syndrome (Gregg’s syndrome) affects most organ
systems, causing cataracts, microphthalmia, heart defects, skin rash, retardation of growth,
and hearing loss. In general, hearing loss affects about 50% of individuals with the disease and
is normally severe to profound. Auditory manifestations may occur months to years after the
initial infection.[11]

4.1.4. Measles

Measles is an acutely infectious viral disease that is potentially serious, transmittable, and
extremely contagious. Its etiologic agent is an RNA virus of the genus Morbillivirus, family
Paramyxoviridae.[13]

Among the clinical manifestations, it is characterized by high fever, above 38.5°C, a widespread
maculopapular rash, cough, coryza, conjunctivitis, and Koplik spots (small white spots on the
oral mucosa, prior to the rash).[13]

It may cause severe degeneration of the organ of Corti, the stria vascularis, cochlear neurons,
and vestibular damage. Inflammation, fibrous deposit, and ossification in the basal turn of the
cochlea may also be present. Hearing loss tends to be asymmetrical, bilateral, and severe.
Vestibular abnormalities are not rare.[11]

4.1.5. Viral meningitis

Viral meningitis is characterized by a clinical state of neurological changes, which usually
develops benignly. Approximately 85% of cases are due to the group of Enteroviruses, among
which the poliovirus, echovirus, and coxsackievirus stand out. Other less common groups are
arboviruses, herpes simplex virus, and varicella, mumps, and measles viruses.[14]

It occurs most frequently in children over two years old and can lead to sensorineural hearing
loss.[3]

4.1.6. Herpes simplex

Herpes simplex has been considered one of the most common viral contamination agents in
humans and is subdivided into two groups: type 1 and type 2.[15]
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systems, causing cataracts, microphthalmia, heart defects, skin rash, retardation of growth,
and hearing loss. In general, hearing loss affects about 50% of individuals with the disease and
is normally severe to profound. Auditory manifestations may occur months to years after the
initial infection.[11]

4.1.4. Measles

Measles is an acutely infectious viral disease that is potentially serious, transmittable, and
extremely contagious. Its etiologic agent is an RNA virus of the genus Morbillivirus, family
Paramyxoviridae.[13]

Among the clinical manifestations, it is characterized by high fever, above 38.5°C, a widespread
maculopapular rash, cough, coryza, conjunctivitis, and Koplik spots (small white spots on the
oral mucosa, prior to the rash).[13]

It may cause severe degeneration of the organ of Corti, the stria vascularis, cochlear neurons,
and vestibular damage. Inflammation, fibrous deposit, and ossification in the basal turn of the
cochlea may also be present. Hearing loss tends to be asymmetrical, bilateral, and severe.
Vestibular abnormalities are not rare.[11]

4.1.5. Viral meningitis

Viral meningitis is characterized by a clinical state of neurological changes, which usually
develops benignly. Approximately 85% of cases are due to the group of Enteroviruses, among
which the poliovirus, echovirus, and coxsackievirus stand out. Other less common groups are
arboviruses, herpes simplex virus, and varicella, mumps, and measles viruses.[14]

It occurs most frequently in children over two years old and can lead to sensorineural hearing
loss.[3]

4.1.6. Herpes simplex

Herpes simplex has been considered one of the most common viral contamination agents in
humans and is subdivided into two groups: type 1 and type 2.[15]
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Infections caused by herpes simplex type 1 usually affect areas such as the lips, mouth, intraoral
region, nose, eyes, while infections caused by herpes simplex type 2 are mainly found in the
genital and surrounding areas. Trigger factors include fever, exposure to cold temperatures
or ultraviolet rays, skin or mucous abrasions, emotional stress, and nerve injury. In the case of
occurrence in newborns, the onset of infection can be at different periods: prenatal (congenital
infection), perinatal (infection through the birth canal), or postnatal (infection through contact
with infected individuals).[15]

The virus of the herpes group is regarded as causing sensorineural loss. In pregnancy, it can
also cause spontaneous miscarriages, still births, and congenital defects.[15]

4.1.7. Infectious mononucleosis and other viral agents

Infectious mononucleosis (IM) is caused by the Epstein–Barr virus (EBV), characterized by
fever, pharyngitis, lymphadenopathy, and atypical lymphocytosis. EBV is a member of the
Herpesviridae family.

One of the main viral agents associated with sensorineural hearing loss in adulthood is the IM
virus. Other agents that can also often affect this age-group and are related to hearing loss are
adenovirus, enterovirus, influenza, and parainfluenza.[3]

4.2. Infections by bacteria

4.2.1. Bacterial meningitis

Meningitis is frequently associated with a high mortality rate. A large portion may still present
sequelae of the disease, among which is hearing loss. This disease is held to be among the main
ones responsible for postnatal acquired hearing impairment.[16]

Among the mechanisms elucidated, as being responsible for hearing damage, is the direct
invasion of the bacteria into the cochlea and labyrinth, lesion of cranial nerve VIII, by toxins,
and blockage of small vessels and ototoxic action of the antibiotics used. Regarding the degree
of loss, a high percentage of profound hearing loss (66.95%) has been evidenced. However,
hearing loss of all degrees (mild to anacusis) was observed.[16]

In a study of 124 children recruited from 21 hospitals in England and South Wales, aged
between 4 weeks and 16 years old, with a recent diagnosis of bacterial meningitis, 92 (74%)
had meningococcal and 18 (15%) had pneumococcal meningitis. All cases showed obvious
hearing loss in the first assessment. Three children had permanent sensorineural hearing loss.
Thirteen children (10.5%) had reversible loss, nine of which were resolved within 48 hours of
diagnosis.[17]

The impact on the development of the child after meningitis can be devastating. In the
postmeningitis period, a possibility of rehabilitation for patients with severe and profound
sensorineural loss is a cochlear implant.[18]
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In cases of postmeningitis hearing loss, it is particularly important to do the implant as early
as possible due to the intracochlear ossification that may occur, thus preventing the placement
of electrodes in the lumen of the cochlea.[19]

4.2.2. Syphilis

During the decade of 2003–2012, the diagnosis of primary syphilis increased 61% in men in
England, while in contrast, this diagnosis in women decreased by 16%.[20] In the 2004 Sentinela
Parturiente (Mother in Labour Sentinel) Study of the Ministry of Health in Brazil, the preva‐
lence of syphilis in pregnant women was 1.6%, about four times higher than HIV infection in
the same group, the estimate being that a total of 48,425 pregnant women were infected in that
year. Between 2005 and June 2012, 57,700 cases of syphilis in pregnant women were registered
in SINAN (the Brazilian statutory body for notifiable diseases), most of which occurred in the
Southeast and Northeast regions.[21]

Syphilis is an infectious disease caused by a bacterium, Treponema pallidum, which is predom‐
inantly transmitted sexually. If left untreated, the disease can progress to stages that adversely
affect the skin and internal organs such as the heart, liver, and nervous system central.[18]
Hearing loss can occur because of syphilis, but currently this is rare, and this being most often
in the tertiary phase.[3]

Otosyphilis may be present in the form of a sudden and fluctuating sensorineural loss, episodic
vertigo, with progressive unilateral or bilateral loss.[11]

Acquired syphilis may also affect the inner ear, simulating Ménière’s disease. Hearing loss can
progress rapidly progressive, initially with good discrimination; tinnitus and vestibular
symptoms disappear to the extent that the destruction of the labyrinth is completed.[9]

Congenital syphilis is due to the hematogenous spread of Treponema pallidum of pregnant
women who have not been treated or inadequately treated for their unborn child, via the
placenta. Transmission can occur at any stage of pregnancy and in any stage of the disease.[22]

Congenital syphilis can cause severe deafness and separately affect both ears. Manifestation
occurs when a child is around two years old or between 8 and 20 years old.[9]

4.3. Protozoan infections

4.3.1. Toxoplasmosis

Toxoplasmosis is caused by infection with the obligate intracellular parasite Toxoplasma
gondii. Both in its acute and in its chronic form, it is related to the appearance of a clinically
evident disease, including lymphadenopathy, encephalitis, myocarditis, and pneumonitis.[10]

In immunocompetent individuals, acute toxoplasmosis is habitually asymptomatic and goes
unnoticed in 80–90% of adults and children with acquired infection. In the congenital form,
the infection of the placenta determines the hematogenous infection of the fetus. The propor‐
tion of fetuses that are infected increases as pregnancy progresses, but the severity of the
infection declines.[10]
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Toxoplasma gondii has been associated with lesion of the auditory pathways with a demon‐
stration of calcium deposits (similar to the calcifications found in the brains of children with
congenital toxoplasmosis) in the spiral ligament and the cochlea. A hearing deficit has been
reported in about 20% of cases of congenital toxoplasmosis.[23]

5. Final remarks

Hearing loss can interfere with the life of affected individuals because in addition to affecting
communication, this can influence the quality of life, on expressing feelings such as sadness
and anxiety, or can even lead to social isolation. In infancy, hearing loss can still represent
consequences for development.

Thus, proper treatment and/or monitoring of infectious diseases for the purpose of establishing
the prevention or early diagnosis of hearing loss is important. With regard to congenital
infections, public measures that encourage primary prevention and early identification of these
affections in newborns are needed. Therefore, hearing health will depend on epidemiological
studies of each location and on a perfect integration between health and education authorities
working in an integrated way with all other sectors of society.
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Abstract

The voice varies according to the context of speech and to the physical and psycholog‐
ical conditions of the human being, and there is always a normal standard for the vo‐
cal output. Hearing loss can impair voce production, causing social, educational, and
speech limitations, with specific deviation of the communication related to speech and
voice. Usually, the voice is not the main focus of the speech-language pathology ther‐
apy with individuals with hearing loss, but its deviations can represent such a nega‐
tive impact on this population that it can interfere on speech intelligibility and
crucially compromise the social integration of the individual. The literature vastly ex‐
plores acoustic and perceptual characteristics of children and adults with hearing loss.
Voice problems in individuals with this impairment are directly related to its type and
severity, age, gender, and type of hearing device used. While individuals with mild
and moderate hearing loss can only present problems with resonance, severely im‐
paired individuals may lack intensity and frequency control, among other alterations.
The commonly found vocal deviations include strain, breathiness, roughness, mono‐
tone, absence of rhythm, unpleasant quality, hoarseness, vocal fatigue, high pitch, re‐
duced volume, loudness with excessive variation, unbalanced resonance, altered
breathing pattern, brusque vocal attack, and imprecise articulation. These characteris‐
tics are justified by the incapability of the deaf to control their vocal performance due
to the lack of auditory monitoring of their own voice, caused by the hearing loss.
Hence, the development of an intelligible speech with a good quality of voice on the
hearing impaired is a challenge, despite the sophisticated technological advances of
hearing aids, cochlear implants and other implantable devices. The purpose of this
chapter is therefore to present an extensive review of the literature and describe our
experience regarding the evaluation, diagnosis, and treatment of voice disorders in in‐
dividuals with hearing loss.

Keywords: Hearing loss, voice, voice quality
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1. Introduction

Didactically, the voice is described as the resulting sound of the vibration of the vocal folds,
which is amplified by the vocal tract resonators.  The vocal tract articulators modify this
sound producing recognizable vowels and consonants. A pleasant and socially acceptable
voice  production is  highly dependent  on emotional,  social,  and physical  conditions,  the
latter including auditory monitoring of the voice.

Hearing  loss  can  impair  oral  communication,  causing  social,  educational,  and  speech
limitations,  with  specific  deviation  of  the  communication  related  to  speech  and  voice.
Usually, the rehabilitation process prioritizes auditory abilities, and therefore, the voice is
not the main focus of the speech-language therapy with individuals with hearing loss. Its
deviations, however, can represent such a negative impact on this population that it can
interfere  on  speech intelligibility,  cause  a  negative  impact  on  the  listener,  and crucially
compromise the social integration of the individual.

The challenges of voice production in individuals with hearing loss involve alterations in
respiration, phonation, and articulation [1]. Also, voice problems in individuals with this
impairment are directly related to its type and severity, age, gender, and type of hearing
device used [2]. While individuals with mild and moderate hearing loss can only present
problems with resonance, severely impaired individuals may lack intensity and frequen‐
cy control,  among other alterations [3].  Hence, the development of an intelligible speech
with a good quality of voice in individuals with hearing loss is a challenge, despite the
sophisticated technological advances of hearing aids, cochlear implants and other implant‐
able devices.

2. The auditory system and voice production

Voice production (Figures 1A–1H) occurs by the integration of the respiratory, phonatory
and articulatory systems, and also involves highly complex mechanisms of structures related
to the central and peripheral nervous systems (Figure 1A) [4]. The airflow that is moved
out of the lungs during expiration by the coordinated action of the diaphragm, abdomi‐
nal muscles, chest muscles, and rib cage is directed toward the vocal folds (Figure 1B). Then
to produce sound, the vocal folds are moved to midline by the action intrinsic muscles,
nerves, and cartilages (Figures 1B–1D). The column of air from the lungs creates subglot‐
tic pleasure, causing the opening of the vocal folds. This is the beginning of a vibratory
cycle that occurs repeatedly. In one vibratory cycle, the column of air pressure opens the
bottom of the vocal folds. Then the air continues to move upward, now toward the top of
the vocal folds, opening them entirely. The low pressure created behind the fast-moving
air column produces the “Bernoulli effect”, which causes the bottom to close, followed by
the top. The closure of the vocal folds cuts off the air column and releases a pulse of air,
and the cycle  recommences (Figure 1E).  The rapid pulses of  air  created in the repeated
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vibratory cycles produce “voiced sounds”, which is then amplified and modified by the
vocal tract resonators. The nose, pharynx, and mouth amplify and modify sound, allow‐
ing it to take on the distinctive qualities of voice. Finally, the articulators produce recogniz‐
able words [5] (Figures 1F–1G).

The neural component of the voice production generates two components for the voice: a
propositional and an emotional one. The propositional vocalization is the expression of any
idea  that  can  be  an  abstract  thought,  an  action,  or  an  appreciation.  Its  content  is  not
important  if  it  has  a  communication  proposal  by  means  of  the  voice.  The  emotional
vocalization expresses the emotional components of phonation. Both systems converge or
integrate in the brainstem region where the retroambiguus nuclei are located. There, a new
recording  and a  new result  occur.  This  information  goes  to  the  nucleus  ambiguus  and
retrofacial  nucleus,  which  originate  the  vagal  fibers  of  superior  and  inferior  (recurrent)
laryngeal  nerves [6].  The peripheral  nerves directly related the voice,  providing sensory
and motor innervation of  the vocal  tract  include the glossopharyngeal  nerve (IX cranial
nerve), the trigeminal nerve (V cranial nerve), the facial nerve (VII cranial nerve), the vagus
nerve (X cranial nerve), and the hypoglossal nerve (XII cranial nerve) [6].

Voice and speech production is therefore a complex process and involves numerous regulatory
mechanisms [7]. In addition, during the whole process of maturation of the voice, people
develop phonatory control and abilities to regulate and vary the voice use in different
situations, which is directly related to a key component, which is the auditory feedback of the
voice [8].

The auditory system is essential to regulate voice production by monitoring different voice
parameters [9]. It provides two types of control over speech production: feedback control and
feedforward control [10]. The feedback control monitors task performance during execution
and also deviations from the desired performance, which are corrected according to sensory
information. In the feedforward control, task performance is executed from previously learned
commands, without reliance on incoming task-related sensory information. Speech and voice
production involve both feedforward and feedback control, and auditory feedback impacts
both control processes [11] (Figure 2).

Also, the auditory system has three roles: providing information regarding voice targets, which
is important for corrections in pitch, volume, and other attributes that may affect intelligibility
of speech; providing feedback about environmental conditions, which is important in noisy
situations, for example, so that the speaker knows to enunciate more clearly, to increase
amplitude, and to reduce speaking rate to increase intelligibility; and contributing to the
generation of internal models for the motor plans for voice production, which is essential to
the maintenance of a rapid speech rate through development of internal models, allowing for
the vocal tract and related structures to be prepared before vocalization and for speech to
continue without constant auditory feedback [10, 12]. These roles are responsible, therefore,
for modeling voice quality, pitch, loudness, resonance, articulation, and speech rate.
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Figure 1. Voice production. (A) Peripheral innervation of the vocal tract; (B) respiration; (C) larynx; (D) 
intrinsic muscles of the larynx; (E) vibratory cycle; (F) vocal fold adduction; (G) extrinsic muscles of the 
larynx; (H) resonators and articulators. Source: Virtual Man Project [4].
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Figure 2. Auditory monitoring of voice production.

3. The voice of individuals with hearing loss

The overall product of a deaf speaker’s vocal apparatus depends on the respiratory conditions,
laryngeal state, resonators, articulators and prosodic aspects such as intensity, intonation,
rhythm, and frequency.

Respiration aspects related to phonation can also be altered in this population. Laryngeal
aerodynamics between children with bilateral profound sensorineural hearing loss using
hearing aids and normal hearing children were compared by measuring vital capacity, peak
flow, maximum sustained phonation, and fast abduction-adduction rate [13]. The authors
found significant differences between vital capacity, maximum sustained phonation, and
abduction-adduction rate, but not air flow, suggesting the presence of physiologically healthy
and functional lungs for the airflow supply that will be required for speech production, but a
limited use of the lung volume, poor management of the air supply, and poor laryngeal control
during phonation.

Another potential factor that affects voice and speech intelligibility in individuals with hearing
loss is the articulation accuracy of consonants and vowels. It is important to consider that voice
and articulation are closely related since the sound that comes from the larynx is transformed
into words by its combination with the dynamic and static structures of the upper vocal tract.

The phonetic inventory of the consonants in individuals with hearing loss can be compromised
by distortions, substitutions, and omissions. Some phonological processes such as deletion of
final consonants, cluster reduction, stopping, and devoicing may also occur [14], especially
with voiced sounds and high frequency fricative consonants. The articulation of individuals
with hearing loss has been reported to be characterized by the absence of some fricatives, the
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presence of distortions, and phonological disorders [15]. An adequate vowel production
depends on the shape of the lips and position of the tongue and is also affected by the lack of
auditory monitoring of the voice [16].

Regarding all aspects of voice production, the voice of individuals with hearing loss has been
widely described. Specifically, acoustic and perceptual findings (Tables 1 and 2) indicate
alterations that go from minor loudness deviation to significant respiratory, phonatory, and
articulatory disorders. However, these characteristics are inconsistent and not unanimous
among authors. They are reported to depend on age of hearing loss onset, its type and severity,
and on the treatment of choice (Table 1) and have been compared among groups of patients
in different conditions: prelingually deafened and postlingually deafened, aided and unaided,
pre and post cochlear implantation, and patients treated with either hearing aids or cochlear
implants (Table 2).

Such a variety of vocal features and results (Tables 1 and 2) are possibly due different meth‐
odological approaches with different assessment conditions, such as different speech materi‐
als, different assessment techniques, different software, different perceptual protocols, number
of participants, different age range, different hearing devices, different age at the activation of
the hearing device, and presence or absence of a control group to establish normative data [17].
Therefore, the understanding of speech and voice production of individuals with hearing loss
is still a challenge and is missing a standardized approach.

HL characteristics Voice characteristics

Type Conductive Reduced loudness [3]

Sensorineural High fundamental frequency (f0) [18–21], f0 within normal standards
[15], normal jitter [15], normal shimmer [15], high variation of
amplitude, and f0 [22] instability [23,24]

Mixed Not reported

Severity Mild to moderate Resonance disorder [3]

Severe to profound High f0 [18,25,26], instability [23,24,26,27]

Hearing loss onsetPrelingual Hoarseness [28], breathiness [28], strain [26,28], high f0 [20,25,26], high
variability in f0 [21,26], excessive intonation [21], monotone [20],
excessive pitch variation [21], altered speech rate [21], increased
loudness [21,29], loudness either to soft or too loud [20], resonance
irregularity [17,21,30], instability [24,26]

Postlingual Abnormal intonation [21,28], high pitch/f0 [21,31], altered speech rate
[21,28], nasality [2,21], loudness deviation [2,21,28,31], roughness [1],
strain [1], instability [1], high jitter [31], high shimmer [31] high noise to
harmonic ratio [31]

Treatment Hearing aid High f0 [19,32], high pitch [10], f0 within normal standards [22], normal
jitter [22], normal shimmer [22], high jitter [32], high shimmer [32], high
variation of amplitude and f0 [22], strain [17], instability [17, 30]
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HL characteristics Voice characteristics

Cochlear implant High f0 [19,26,33], normal f0 [24,34], high pitch [17,26], variation of
amplitude and fundamental frequency [22], high jitter and shimmer
[32,33], instability [17,23,24,26], strain [10,19], significant overall
severity of voice quality [26,35]

Table 1. Voice characteristic of individuals with hearing loss according to type and severity of hearing loss, hearing
loss onset, and treatment of choice.

Comparison Title Results

Hearing loss onset Acoustic analysis of the voice in
pediatric cochlear implant recipients: a
longitudinal study [19]

Normalization of the long-term
amplitude control after cochlear
implantation regardless of onset

Acoustic analysis of voice in cochlear
implant recipients with postmeningitic
hearing loss [36]

No significant differences found
regarding hearing loss onset

Unaided individuals × normal hearing
adults

Acoustic features of voice in patients
with severe hearing loss [31]

Deviated acoustic parameters for the
unaided participants

Pre- to post cochlear implantation Voice analysis of postlingually deaf
adults pre- and post-cochlear
implantation [1]

Improved overall severity, strain,
loudness, and instability with cochlear
implantation as well as reduction in
fundamental frequency and its
variability

Change of phonation control after
cochlear implantation [20]

Decrease of jitter, shimmer,
fundamental frequency and amplitude
variability in prelingually deafened
children, and no significant differences
in postlingually deafened adults. Even
so, the children’s voices were worse
than the adults’

Effect of cochlear implantation on
nasality in children [27]

Significant reduction of nasality after
cochlear implantation

Hearing aid × cochlear implant Comparison of the overall
intelligibility, articulation, resonance,
and voice characteristics between
children using cochlear implants and
those using bilateral hearing aids: a
pilot study [37]

Better intelligibility for users of
cochlear implants and no differences in
the remaining parameters

Cochlear implant × hearing aid ×
normal hearing

Objective voice quality in children
using cochlear implants: a
multiparameter approach [17]

Both groups with hearing loss
presented with altered perceptual
scores, with worse results for the
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Comparison Title Results

hearing aided children; no significant
differences in acoustic measures were
observed

The influence of the auditory
prosthesis type on deaf children’s voice
quality [32]

Better results for the participants with
hearing aids

Acoustic, aerodynamic, and perceptual
analyses of the voice of cochlear-
implanted children [35]

Better voice quality for children with
cochlear implants

Voice and pronunciation of cochlear
implant speakers [38]

Better results for the participants with
cochlear implants

Cochlear implant × normal hearing Cochlear implanted children present
voice parameters within normal
standards [24]

Higher instability and frequency
variation for cochlear implant users.

An initial study of voice characteristics
of children using two different sound
coding strategies in comparison to
normal hearing children [26]

Higher fundamental frequency,
fundamental frequency variability,
amplitude variability, overall severity,
strain, loudness, instability, high pitch,
and resonance deviation for the
cochlear implanted participants

Nasalance and nasality in children
with cochlear implants and children
with hearing aids [30]

Children with hearing aids and
cochlear implants showed altered
nasalance. Cul-de-sac resonance was
observed on a significantly larger scale
than in the normal hearing group, and
children with were significantly more
hypernasal in than normal hearing
children

Normal-like motor speech parameters
measured in children with long-term
cochlear implant experience using a
novel objective analytic technique [39]

Cochlear implant users had poorer
than normal intonation stimulability,
particularly frequency variability

Hearing aid × normal hearing Laryngeal aerodynamics in children
with hearing impairment versus age-
and height-matched normal hearing
peers [13]

Significant difference in the vital
capacity, maximum sustained
phonation, and fast adduction
abduction rate

Variability in voice fundamental
frequency of sustained vowels in

Significantly higher low frequency
modulation for the individuals with
hearing loss
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Comparison Title Results

speakers with sensorineural hearing
loss [40]

Voice field measurements–a new
method of examination: the influence
of hearing on the human voice [41]

Voice field of the impaired person is
significantly limited in regard to both
frequency and dynamics, and it is
narrower than that of intact persons.

Table 2. Overview of findings of voice characteristics when comparing hearing loss onset, treatment, and normal
hearing.

3.1. Perceptual ratings of the voice of individuals with hearing loss

The auditory-perceptual evaluation of the voice is a key element to understand the voice
production of individuals with hearing loss. When associated with acoustics, aerodynamics,
laryngeal imaging, and quality of life, it gives a complete background to define the best
treatment approach. Although it is subjective and depends on listener’s experience, the
auditory perception is the main upholder of voice therapy, and it can be correlated to all of the
assessments cited.

The voice of the individuals with hearing loss has been perceptively characterized using
several scales: the Voice Profile Analysis [42], the GRBAS scale [43], the GRBASI scale [44], the
Prosody-Voice Screening Profile (PVSP) [45], the Consensus Auditory-Perceptual Evaluation
of Voice (CAPE-V) [46], and visual analog scales of specific parameters [47]. Theses scales 14
can be used to characterize voice quality and quantify the vocal alteration.

Reported characteristics in the last 10 years include significant overall severity of dysphonia
[17, 26, 35, 48], roughness [17], strain [17, 16, 48], resonance deviations [26, 48], high pitch [1,
26], and instability [24, 26].

One particular study [21], described the voice characteristics of 40 profoundly hearing-
impaired young adults using the Voice Profile Analysis (VPA), which includes articulatory
(supralaryngeal) settings, laryngeal settings, strain, and prosodic settings of the voice tract.
The comparison with a control group showed some interesting data for the individuals with
hearing loss:

• Range of movements: minimized tongue movements, both minimized and extensive jaw
movement, and both minimized and extensive lip movements

• Pitch and loudness: narrow pitch range, low pitch variability, low loudness mean, narrow
loudness range, and low loudness variability

• Tension: pharyngeal constriction, both laryngeal tension and looseness

• Laryngeal factors: harshness, use of falsetto, raised larynx

Considering these findings, the positioning, movement, and strain of the articulatory organs
seem worthy of further study as they shape the voice tract and determine some aspects of voice
quality.
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In terms of resonance, the most reported characteristic in individuals with hearing loss is
nasality. The abnormal nasalization of vowels and nasal consonants significantly contributes
to the abnormal voicing of children and adults with hearing loss, which is related to poor
control of the velopharyngeal valve due to the lack of auditory feedback–oral/nasal distinctions
[28] and is related to the duration if the hearing impairment [2] and speech rate [27]. The
velopharyngeal valve lack rhythm and strength in this population, despite normal structure
and muscle activity [49].

A mixed resonance, however, is not an uncommon feature. A pharyngeal resonance also
known as cul-de-sac [30, 50] can also be found and is associated with elevation of the hyoid
and retraction of the tongue [51]. Hyponasality is also reported [52]. Thirty profoundly deaf
children [42] had significantly higher nasalance values compared with a normal hearing
control group when nasal consonants were absent (reflecting hypernasality) and significantly
lower when an utterance was loaded heavily with nasal consonants (reflecting hyponasality).

The suprasegmental features of speech that are conveyed by the parameters of fundamen‐
tal frequency, intensity, and duration can directly affect the voice production and speech
intelligibility.  These  features  constitute  prosody,  which  is  considered  the  “melody  and
rhythm of spoken language” [53]. During the development of oral communication, how
children acquire target appropriate prosodic structure is important because it plays a role
in  many  aspects  of  linguistic  function,  from  lexical  stress  to  grammatical  structure  to
emotional  effect.  It  is  therefore  important  for  the transmission of  meaning and thus for
intelligibility. These aspects of the oral communication can be problematic for individuals
with hearing loss since auditory monitoring is critical for listeners’ recognition of proso‐
dic  contrasts  of  speech [54].  An investigation of  the  production of  speech intonation in
cochlear  implanted  children  in  comparison  with  their  age-matched  peers  with  normal
hearing  [54]  found  inappropriate  intonation  contours  for  the  implanted  participants.
Another  study  found that  cochlear  implanted  children  present  restriction  of  intonation,
particularly in interrogative sentences [55].

3.2. Acoustic characteristics

The acoustic analysis is an instrumental assessment that complements the auditory perceptive
evaluation and provides quantitative and qualitative information about voice behavior from
the analysis of the sound signal. By using computerized software, it is possible to obtain
measures of fundamental frequency, perturbation and noise indexes, temporal changes in
speech, and also visual graphic interpretation. This assessment magnifies the understanding
of voice behavior and allows the documentation of treatment outcome.

The voice characteristics of the individual with hearing loss can be visually measured or
numerically evidenced in the acoustic analysis and depend on the anatomy and physiology of
the entire vocal tract. For example, the fundamental frequency can be influenced by the length,
elongation, mass, and tension of the vocal folds and is integrated with the subglottic pressure.
The higher fundamental frequency observed in individuals with hearing loss is related to
greater tension during voice production as a result of the search for kinesthetic monitoring [41].
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Also, individuals with hearing loss have difficulties in maintaining the stability of the funda‐
mental frequency [56], during the extension of a vowel and during connected speech.

In Figure 3, the emissions of the sustained /a/ vowel by two men with 27 years of age, one with
hearing loss and one with normal hearing, are presented. It is possible to visualize the greater
instability in frequency (blue) and intensity (gray) and also higher fundamental frequency (203
Hz) produced by the individual with hearing loss in comparison to the individual with normal
hearing (87Hz).

with the subglottic pressure. The higher fundamental frequency observed in individuals with 
hearing loss is related to greater tension during voice production as a result of the search for 
kinesthetic monitoring [41]. Also, individuals with hearing loss have difficulties in maintaining 
the stability of the fundamental frequency [56], during the extension of a vowel and during 
connected speech. 

In Figure 3, the emissions of the sustained /a/ vowel by two men with 27 years of 
age, one with hearing loss and one with normal hearing, are presented. It is possible to 
visualize the greater instability in frequency (blue) and intensity (gray) and also higher 
fundamental frequency (203 Hz) produced by the individual with hearing loss in comparison 
to the individual with normal hearing (87Hz). 

 
A 

 
B 

 
Figure 3. Graphs with fundamental frequency (blue) and intensity (gray) of the voices of an individual 
with hearing loss (A) and an individual with normal hearing (B) during the emission of a sustained vowel, 
obtained with the program Real Time Pitch from KayPentax.

Figure 4 shows the excessive variation of frequency of a child with 4 years of age 
with hearing loss in comparison to a child with the same age and with normal hearing while 
counting numbers. 

A B
Figure 4. Graphs with spectrograms of the sequential speech of a child with hearing loss and a child 
with normal hearing, obtained with the Multi Speech software from KayPentax.
             

The acoustic evaluation can be performed visually by describing the spectrogram, a 
tridimensional graph the present the following information obtained by the Fourier 
transformation: the frequency in the ordinate axis, measured in Hertz; the time in the 
abscissa axis, measured in seconds; and the intensity, according to the degree of darkening 
or coloration of the spectrum, measured in decibel [57]. 

Figure 3. Graphs with fundamental frequency (blue) and intensity (gray) of the voices of an individual with hearing
loss (A) and an individual with normal hearing (B) during the emission of a sustained vowel, obtained with the pro‐
gram Real Time Pitch from KayPentax.

Figure 4 shows the excessive variation of frequency of a child with 4 years of age with hearing
loss in comparison to a child with the same age and with normal hearing while counting
numbers.

with the subglottic pressure. The higher fundamental frequency observed in individuals with 
hearing loss is related to greater tension during voice production as a result of the search for 
kinesthetic monitoring [41]. Also, individuals with hearing loss have difficulties in maintaining 
the stability of the fundamental frequency [56], during the extension of a vowel and during 
connected speech. 

In Figure 3, the emissions of the sustained /a/ vowel by two men with 27 years of 
age, one with hearing loss and one with normal hearing, are presented. It is possible to 
visualize the greater instability in frequency (blue) and intensity (gray) and also higher 
fundamental frequency (203 Hz) produced by the individual with hearing loss in comparison 
to the individual with normal hearing (87Hz). 

 

Figure 3. Graphs with fundamental frequency (blue) and intensity (gray) of the voices of an individual 
with hearing loss (A) and an individual with normal hearing (B) during the emission of a sustained vowel, 
obtained with the program Real Time Pitch from KayPentax.

Figure 4 shows the excessive variation of frequency of a child with 4 years of age 
with hearing loss in comparison to a child with the same age and with normal hearing while 
counting numbers. 

A 
 

B 
 

Figure 4. Graphs with spectrograms of the sequential speech of a child with hearing loss and 
a child with normal hearing, obtained with the Multi Speech software from KayPentax. 

The acoustic evaluation can be performed visually by describing the spectrogram, a 
tridimensional graph the present the following information obtained by the Fourier 
transformation: the frequency in the ordinate axis, measured in Hertz; the time in the 
abscissa axis, measured in seconds; and the intensity, according to the degree of darkening 
or coloration of the spectrum, measured in decibel [57]. 

Figure 5 shows the spectrograms of a woman with 32 years of age with hearing 
loss and of another with the same age and normal hearing evidence, the irregularity of the 
sustentation of the emission, greater presence of noise, greater spacing between the 
harmonics, intensity, and effort in the voice of the woman with hearing loss. 

Figure 4. Graphs with spectrograms of the sequential speech of a child with hearing loss and a child with normal hear‐
ing, obtained with the Multi Speech software from KayPentax.

The acoustic evaluation can be performed visually by describing the spectrogram, a tridimen‐
sional graph the present the following information obtained by the Fourier transformation:

Hearing Loss and the Voice
http://dx.doi.org/10.5772/61217

113



the frequency in the ordinate axis, measured in Hertz; the time in the abscissa axis, measured
in seconds; and the intensity, according to the degree of darkening or coloration of the
spectrum, measured in decibel [57].

Figure 5 shows the spectrograms of a woman with 32 years of age with hearing loss and of
another with the same age and normal hearing, evidencing greater irregularity of the susten‐
tation of the emission, greater presence of noise, greater spacing between the harmonics,
intensity, and effort in the voice of the woman with hearing loss.
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Figure 5. Graphs with spectrograms of the sustained vowel of a woman with hearing loss (A) and a woman with nor‐
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Some perturbations of the sound wave and of the ratio of noise in relation to the harmonics
were used by some authors to characterize the voice of individuals with hearing loss. These
characteristics can be related to the perception of roughness and strain in the voice. Generally,
the voices of individuals with hearing loss show more perturbation of the sound wave and
greater quantity of noise in relation to individuals with normal hearing [58]. Among the
measures of perturbation, the jitter indicates short-term variability of the fundamental
frequency. These values can represent a small variation in mass or tension of the vocal folds,
on the distribution of mucus on them, on the symmetry of the structures, or even in the
muscular or neural activity involved; the shimmer indicates short-term variability of the
amplitude of the sound wave, and it is a measure of phonatory stability. Its values increase as
the amount of noise in the emission increases [59]. The noise-to-harmonic ratio measures the
relative quantity of additional noise in the voice signal, which can be generated by the
turbulence of the airflow in the glottis in cases of incomplete closure during phonation or also
result from aperiodic vibration of the vocal folds [60], being associated with the presence of
roughness. One of the limitations of this form of acoustic analysis is that, to perform a reliable
analysis of jitter, shimmer, and noise measures, the sound signal cannot be too altered. This
analysis is only reliable in normal or slightly altered voices, which prevents the evaluation of
voices with more severe alterations.
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3.3. Laryngeal features

Based on perceptual and acoustic data, many authors [3, 17, 33, 35, 61] state that individuals
with hearing loss have difficulties in controlling the laryngeal function. To this date, however,
laryngeal characteristics of individuals with hearing loss have not been thoroughly studied.

It has been stated that the larynx of a hearing-impaired child usually shows no anatomic or
physiological abnormalities in the first years of life, but lack of auditory feedback can result in
discoordination of intrinsic and extrinsic laryngeal muscles and disturbed contraction and
relaxation of antagonistic muscles [13].

Inadequate laryngeal activity of four normally hearing and four hearing-impaired persons was
found during productions of word-initial voiced and voiceless consonants with a flexible fiber-
optic laryngoscope [62]. Three of the hearing-impaired subjects exhibited greater variability
than their normally hearing peers in terms of the degree and duration of vocal fold abduction
during voiceless consonant productions, but only one exhibited excessively wide glottal
openings, suggesting that deaf persons waste air during speech production.

A study [63] was conducted with two normal hearing adults and four adults with profound
hearing loss using high speed laryngeal film and acoustic data. The authors used the vowel-
consonant-vowel segment “aha.” The study found that two of the hearing-impaired subjects
did not exhibit glottal waveforms in vowel production, which differed substantially from those
of the normally hearing subjects. However, one subject with hearing loss exhibited maximal
glottal openings approximately double those of the other subjects and large cycle-to-cycle
variability. The most dramatic differences observed between the normally hearing and
hearing-impaired subjects were the duration and the magnitude of the abductory gestures
associated with devoicing. The vocal fold abductory-adductory movements associated with
the devoiced segments appeared to be discontinuous in nature, which was characterized by
abrupt abductory movement following the first vowel, which frequently reached a plateau
before adductory movement associated with the second vowel. Such laryngeal features can
result in abnormal voice production; however, these laryngeal findings were not correlated to
voice quality.

3.4. Voice-related quality of life

The instruments used to measure quality of life in health sciences allow the understanding of
the impact of a condition through patient perception. These materials have been used to obtain
a multidimensional assessment of the human being. Patient-based assessment can be used to
compose the evaluation process, helps clinicians to select strategies for rehabilitation based on
specifics indentified, and monitors treatment outcomes [64].

With the inclusion of quality of life analysis in the health sciences, voice-related quality of life
protocols were created since protocols about general health are not ideal to assess patients with
voice disorders. Due to the importance of human communication in the several domains that
contribute to quality of life, these instruments investigate if there are physical, emotional, and
social limitations related to voice disorders, including the use of professional voice [65].
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These instruments, therefore, contribute to the knowledge of the impact of the communication
disorders manifested by the voice alteration. The extensive list of voice problems the individ‐
uals with hearing loss can affect their quality of life. However, the protocols of voice-related
quality of life already developed are not entirely adequate to the voice problems frequently
presented by individuals with hearing loss, and voice-related quality of life in individuals with
hearing loss has not yet been thoroughly studied.

A single study [4] investigated voice-related quality of life in this population by comparing
the scores of the Voice Handicap Index [66] between adults with moderate to profound hearing
loss and their normal peers. There were significant differences in the total score and in the
score of all three domains: functional, physical, and emotional. However, there was a major
variability of responses obtained in the group of patients with hearing loss (a variation of 94
points) so the authors were not able to define a VHI score range.

Also, the several protocols of quality of life related to the presence of hearing loss or use of
hearing aids [67–69] approach communication aspects regarding sound reception and not
regarding the difficulties of voice and speech production, even though it is common knowl‐
edge that hearing interferes also in the emission stage of the communicative process.

4. Voice training in individuals with hearing loss

The auditory rehabilitation aims to allow deaf individuals using devices such as heading aids
and cochlear implants to develop auditory abilities and oral communication. However, since
voice characteristics commonly found in individuals with hearing loss can greatly compromise
oral communication, voice training in addition to hearing, language, and speech rehabilitation
is essential to restore normal physiology. For both prelingually deafened children and
postlingually deafened adults, intervention can improve voice quality and prevent the
development of abnormal voice production. Depending on the findings of the voice assess‐
ment, the treatment can include techniques for respiration, posture, movement of the articu‐
lators, vertical laryngeal excursion, loudness, and resonance [70].

The speech and language rehabilitation program of the Brasilia Teaching Hospital (Hospital
Universitário de Brasília [HUB]) provides treatment for children, adolescents, and adults with
moderate to profound hearing loss who are users of hearing aids and/or cochlear implants.
The purpose of the therapy goes beyond speech perception. In the therapeutic plan, voice
training is considered an element just as important as auditory training, being considered
therefore a part of the extensive process of rehabilitation of individuals with hearing loss.

Voice training comprises many approaches: the universal methods that change voice quality
as a whole and the specific techniques that rely on laryngeal imaging and aim to work with
specific groups of muscles. With the use of different techniques and exercises, it is possible to
modify the voice by acting on the muscle activity of the vocal tract, to enhance the relationship
of the three subsystems of voice production (respiration, phonation, and resonance), and to
demonstrate to the patient the many possibilities of motor adjustments of voice production
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[57]. Based on the findings of the voice assessment and on laryngeal imaging whenever
possible, the clinician can select a number of voice exercises that are thoroughly described in
the literature [50, 71] to improve the abnormalities found. Some of the exercises suggested for
hearing-impaired individuals are the prolonged /b/ exercise, manual circumlaryngeal massage
associated with the emission of vowels and words, emissions of the closed vowels /o/ and /u/
while flexing the head to fix the larynx in a lower position, chewing, and lip vibration [72, 73].
In Table 3, some exercises for voice treatment [50, 71] are suggested based on findings of voice
characteristics of individuals with hearing loss reported in the literature.

Voice feature Purpose Exercise

High fundamental frequency (f0) Reduce f0, lower the larynx Manual circumlaryngeal massage,
yawn-sigh exercise, descendent pitch
glide

High amplitude and frequency
variation

Reduce amplitude and frequency
variation

Visual monitoring of speech with
computerized software

Nasality/resonance alterations Increase intraoral air pressure,
dissipate energy in the voice tract

Visual monitoring of nasal airflow with
mirror or scape-scope, chewing
exercises associated with vibratory
sensations in nasal and facial bones,
humming, mouth opening

Roughness, breathiness, harshness,
strain

Balance aerodynamic and myoelastic
forces, mobilize vocal fold mucosa

Manual circumlaryngeal massage,
humming, chewing exercises, yawn-
sigh exercise, tongue vibration, vocal
fry

Instability Improve phonatory stability Exercises with long sustained tones

Monotone Vary rate, pitch, and loudness Musical scales, pitch glides, messa di
voce, cards with arrows going up and
down in a sentence

Excessive intonation Promote control over pitch and
loudness, reduce excessive vertical
excursion of the larynx

Visual monitoring of speech using
frequency and amplitude displays

Altered speech rate Control speech rate Monitor speech rate with metronome

Table 3. Common voice alterations in individuals with hearing loss and the respective techniques and exercises
suggested in the voice rehabilitation.

Naturally, adapting the conventional voice therapy is very helpful, especially for people with
severe to profound hearing loss since the training should not rely exclusively in auditory
monitoring. Among the methods used for hearing rehabilitation is the multisensory method
that uses the auditory channel, the visual channel, and tactile/kinesthetic cues [74, 75]. In the
voice clinic, the use of visual, kinesthetic, and proprioceptive cues is extremely useful to
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develop parameters such as frequency and intensity [71], which is due to the fact that visual
and tactile/kinetic feedbacks of the vocal apparatus are preserved in this population and
should be explored in addition to the auditory training [70]. Abilities such as lip reading
exemplify the use of visual cues for the development of speech and voice [72].

A B

C D

E F

Figure 6. Examples of visual feedback in voice training. (A) Real-time spectrogram (GRAM 5.1.6). (B) Real-time moni‐
toring of voice signal following a model provided in the upper window (Real Time Pitch, KayPentax). (C) Real-time
monitoring of frequency and intensity. (D) Nasal mirror and for monitoring nasal airflow. (E) Scape-scope for monitor‐
ing nasal airflow. (F) Visual monitoring of intensity (Voice Games, KayPentax).

Using visual cues, it is possible to monitor adequate frequency and intensity with established
thresholds, noise, voice attacks, strain, instability, formants, and voicing. Such methods are
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considered effective in the voice rehabilitation of deaf individuals [76, 77]. Studies found
improved frequency control, respiratory support, intelligibility, jitter and shimmer after voice
therapy with computerized visual feedback [72, 78], and reduced nasality using visual cues to
monitor nasal airflow [79, 80]. These cues include spectrograms, diagrams, nasal mirror, scape-
scope, and even computerized software for children to promote a playful environment while
training voice production (Figures 6A–6F).

The tactile/kinesthetic monitoring is harder to develop. Patients must identify proprioceptive
symptoms and sensations that indicate abnormal voice production such as tightness, presence
of secretion, pain, dryness, discomfort, etc. The procedure for using these cues include
emission while touching the head, forehead, face, and resonance cavities, including the nose,
neck, and thorax [71] (Figures 7A–7B).

A B

Figure 7. Examples of kinesthetic feedback in voice training. (A) Hands feeling resonators for resonance control. (B)
Monitoring larynx decent for normalizing pitch.

A structured voice therapy program for individual with hearing loss was described [78] and
consisted of 16 therapy sessions, conducted twice a week with the duration of 1h. In the first
half of the therapy session, the participants performed specific vocal exercises, which consisted
of tongue snapping, tongue or lip vibration, humming, fricative sounds, prolonged /b/ exercise,
vocal fry, overarticulation, chewing exercise, chanting, and visual/proprioceptive monitoring.
In the second half, computerized games were used to provide visual feedback for monitoring
frequency and intensity during speech tasks. The program showed promising results in speech
and voice using these techniques and exercises. A similar approach was later suggested [72]
using mainly visual feedback with computerized games and also finding improvement in
speech and voice production.

A case study is presented to illustrate the immediate results of voice training during a therapy
session of a young adult with profound hearing loss that use a unilateral cochlear implant. The
patient is a 26-year-old male, with bilateral profound hearing loss due to bacterial meningitis
at the age of 23 years.

To compare the results of the voice exercises, the prolonged /a/ vowel and a sample of
sequential speech (counting from 1 to 10) were recorded pre- and post-therapy session. The
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perceptive analysis of the /a/ vowel pre-therapy evidenced brusque vocal attack, roughness,
nasality, and instability. The sequential speech evidenced roughness, nasality, and imprecise
articulation. The purpose of the voice exercises was to reduce laryngeal strain, to reduce
nasality and cul-de-sac resonance improving relationship between glottal source and reso‐
nance, and to enhance articulation.

The selected exercises were as follows:

• Humming

• Humming associated with vowels

• Chanting the sequence “mananha, menenhe, mininhi, mononho, mununhu”

• Chewing exercise

• Chewing exercise associated with sequential speech (numbers from 1 to 10, months of the
year, days of the week)

After the therapy session, there was a significant reduction of the brusque voice attack,
roughness, and nasality in both emissions. In Table 4, some acoustics parameters of the /a/
vowel are presented pre- and post-therapy session using the Multi Dimensional Voice Program
(MDVP, KayPentax). There was a slight reduction in fundamental frequency, although it is
within normal standards for men at this age. There was also reduction of short- term variation
(jitter) and long-term variation of frequency (jitter), short-term (shimmer) and long-term
variation of amplitude (vAm), and reduction of the noise to harmonic ratio (NHR).

Parameter Pre-therapy Post-therapy

Average fundamental frequency (f0) 127.052 123.322

Jitter (%) 3.966 3.337

Fundamental frequency variation (vF0) 3.652 3.247

Shimmer (%) 5.590 4.176

Peak to peak amplitude variation (vAm) 14.535 9.725

Noise to harmonic ratio (NHR) 0.214 0.147

Table 4. Acoustic parameters of the /a/ vowel pre- and post-therapy session.

In Figure 8, the narrowband spectrogram of the pre-therapy /a/ vowel shows brusque voice
attack, presence of subharmonics, low high-frequency harmonics, and instability. In the post-
therapy spectrogram, increase in high-frequency harmonics, reduction of brusque voice attack,
reduction of subharmonics, and reduction of instability are observed.

Figure 9 shows the narrowband spectrogram of the sequential speech using the Multi Speech
Main Program (KayPentax), on which a significant increase of harmonics can be observed,
although there is presence of subharmonics in both emissions.
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This particulate case study showed that voice training was helpful to improve voice production
and consequently oral communication. The acoustic and perceptual characteristics of this
individual improved significantly, and the most prominent features were improvement of
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5. Conclusions
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take place along with the auditory training and oral language development since the very
beginning of treatment so that individuals with hearing loss can achieve intelligible, pleasant,
and socially acceptable oral communication, maintaining correct function of respiration,
phonation, articulation, and resonance.
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take place along with the auditory training and oral language development since the very
beginning of treatment so that individuals with hearing loss can achieve intelligible, pleasant,
and socially acceptable oral communication, maintaining correct function of respiration,
phonation, articulation, and resonance.
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Chapter 7

Hearing Impairment in Professional Musicians and
Industrial Workers — Profession-Specific Auditory
Stimuli Used to Evoke Event-Related Brain Potentials
and to Show Different Auditory Perception and
Processing

Edeltraut Emmerich, Marcus Engelmann, Melanie Rohmann and
Frank Richter
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Abstract

Hearing impaired professional musicians or industrial workers often report that they
were able to identify mistuned chords in a music piece or even slight changes in the
noise of their machines (usually > 100 dB SPL) though they were handicapped in
listening tasks in daily routine.

In order to assess central processing of acoustic stimuli, we analyzed auditory evoked
potentials (AEP) and EEG spectra after stimulation with work-related auditory stimuli
in healthy controls, in hearing impaired musicians or hearing impaired workers from
the beverage industry. Stimuli were series of in-tune or mistuned synthetic piano
chords or the original machine noise the workers heard in daily routine and the same
noise with disturbing signals.

Professional musicians identified the mistuned stimuli and the AEP differed
significantly. The workers recognized the disturb signals. In both groups the spectral
analysis confirmed a frequency shift towards higher alpha frequencies and an altered
spatial distribution of the EEG frequencies during presentation of the disturb signals.

We assume that professionalism causes learning of typical auditory stimuli that is
important for auditory processing after hearing impairment. AEP component analysis
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and spectral analysis of the EEG are important tools to objectify this processing, in
particular in hearing impaired employees.

Keywords: Auditory evoked potential, Mismatch negativity (MMN), Hearing impair‐
ment, Permanent threshold shift (PTS), Occupational disease

1. Introduction

The mismatch negativity component (MMN) of auditory evoked event-related potential can
be elicited by deviant stimuli inserted into a follow-up of identical sounds [1]. See for review
[2]. In the past, numerous studies had been performed in which changed attributes of the
stimuli, such as decrement in duration [3], changes in frequency [4], or changed stimulus
intensity [5], were used to differentiate between standard and deviant stimuli. MMN to musical
stimuli has been investigated for a long time. It was shown that MMN was caused by a timbre
change [6,7]. In a later study, it was shown [8] that comparison of MMN to omitted tones in a
series of sine-wave tone pips could be used to differentiate between musicians and non-
musicians. Violation of harmony rules elicited large MMN in the fronto-central cortex areas
[9]. Slightly mistuned chords produced MMN in professional violinists, but not in non-
musicians [10]. Similarly, larger and earlier MMN to rhythm variations were observed in jazz
musicians than in non-musicians [11].

An earlier study of our group raised the issue that hearing-impaired professional musicians
were able to play their instruments in the orchestras and to perform without problems when
they were trained for years, regardless of their permanent threshold shift (PTS) [12]. Interest‐
ingly, those musicians reported on hearing problems when watching TV or if they wanted to
have conversation in a noisy environment (party-noise effect). To our knowledge, there are
only few studies about musicians dealing with the effects of occupational noise and central
compensation after hearing damage. Therefore, we want to test whether differences exist in
auditory event-related potentials (AEP) (amplitudes and latencies) and/or in MMN reflecting
the sound processing while comparing normal hearing people and musicians (normal hearing
and hearing impaired). The new aspect in our study is the use of typical musical stimuli, i.e.,
in-tune and mistuned chords. We assumed that professional musicians should be trained to
these stimuli regardless whether they have normal hearing or not.

There is some evidence for the assumption that ongoing training of professional musicians
would produce changes in the central processing of musical auditory signals since an earlier
study did not find different neural generators for MMN while comparing musicians and non-
musicians, but found typical differences in MMN between both groups after omitted tone pips
[8]. From other data, it was supposed that ongoing professional training could result in a more
accurate tuning of frequency-specific neurons in musicians [10]. Professional musicians are
considered to be a model for cortical plasticity caused by ongoing musical training [13-17]. In
a review [18], it was summarized that top-down and bottom-up plasticity exists in the auditory
cortex, as well as in other somatosensory areas of the brain. This was supported by a recent
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study [19] that showed that the posterior medial cortex is involved in processing of melodic
and harmonic information. If ongoing musical training participates in this process, it would
be interesting to see whether a hearing deficit in trained professional musicians would interfere
with, e.g., an improved tuning function or with the recognition of wrongly tuned sounds.

The present experiments investigated whether MMN could be detected in professional
musicians, non-musicians, or industrial workers without formal musical training when typical
musical stimuli (C-chords) were presented in the oddball-design. To get better information
over the whole range of audibility, we applied the stimuli both in the mid-frequency and in
the high-frequency range. We analyzed the amplitudes and latencies of the first positive and
negative components of the AEP. We looked further for differences in the MMN between the
three investigated groups. In another series of experiments, we tested with the same paradigm,
whether MMN to mistuned high-frequency stimuli could still be observed in hearing-impaired
professional musicians with a PTS in the high-frequency range between 3.000 Hz and 8.000
Hz. To evaluate to what extent the subjects were annoyed by the mistuned chords, we analyzed
the EEG frequency activity in the interstimulus intervals and additionally looked for changes
in heart frequency. To check, whether a long-lasting professional training might have induced
a learning process for specific sounds, we repeated the EEG and heart frequency analysis in
the group of hearing-impaired workers and presented them slightly disturbed machine noise
they usually had heard in their daily working routine.

Hypotheses:

1. Ongoing professional training of musicians or of workers to listen to specific sounds either
while performing music or watching machine sounds changes the central sound process‐
ing. These changes in AEP can be used to differentiate between untrained and trained
persons.

2. The ongoing training to profession-specific sounds enables the trained person to recognize
even slight deviations. The recognition is reflected by specific late components of the AEP,
even when the person was not aware of the deviated stimulus.

3. The learned specific sounds could even be recognized when sound perception is disturbed
by a permanent hearing impairment (PTS). External stimuli that were not trained would
not be recognized even though they would be presented in the same sound intensity.

2. Materials and methods

2.1. Proband groups

Normal hearing and hearing-impaired non-musicians, aged 16 to 30 years

A group consisting of 16 members of the Medical Faculty of Jena (mean age 21.3 years) who
had no hearing deficits, and who did not perform music regularly and never had formal
training in music was categorized as non-musicians. The participants were all right-handed.
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The hearing-impaired group (10 age-matched participants) had a hearing deficit (PTS) of about
20 dB SPL in the frequency range from 3.000 Hz to 8.000 Hz.

Normal hearing and hearing-impaired professional musicians, aged 28 to 68 years

In this part of the study participated 15 professional normal hearing musicians (mean age 41.4
years) who were employed at three German orchestras. The instrument groups were violins,
trombones, oboes, bassoons, cellos, violas, and contrabasses. A second group of 10 professional
musicians from the same three orchestras (mean age 48.1 years) had a hearing deficit (PTS) of
more than 30 dB in frequencies larger 3 kHz. These 10 musicians played violins, contrabasses,
bassoon, cello, trombones, and oboe.

Hearing-impaired industrial workers, aged 38 to 63 years

In this part of the study participated 20 industrial workers from a brewery who worked on
bottle washing or bottle filling machines. Their hearing loss (PTS) of more than 20 dB SPL in
the frequency range from 3.000 Hz to 8.000 Hz was officially recognized as an occupational
disease. The workers were aged 38 to 63 years and had never had formal musical training or
played any kind of music. All experiments were performed without hearing aids.

2.2. Study design

The study was approved by the local ethics committee of the University of Jena. All participants
gave informed consent to this study and received monetary compensation for their participa‐
tion. In a questionnaire, the participants were asked for their age; musical experiences, i.e.,
duration of employment in the orchestra or attending music school, instruments that are or
were played, duration of training time per week, and the use of hearing protectors; occurrence
of tinnitus; occurrence of ear, nose, and throat diseases; and hereditary ear diseases in the
family. We also asked for noisy leisure time activities. The workers were asked similar
questions with special respect for noise exposition per working shift. The hearing ability of the
right and left ears in each participant was tested by means of a high frequency audiometer
(Grahnert Präcitronic MA 22; Dresden, Germany, combined with a headphone HDA-200;
Sennheiser, Hannover, Germany) and by measuring the otoacoustic emissions (DPOAE/
TEOAE) (Madsen, Denmark). Details were given by our group in the literature [12].

To study the perception of auditory stimuli, we recorded MMN using the classical ac-EEG
technique. Participants were seated comfortably with closed eyes. They listened to the stimuli
that were presented via loudspeakers in the free field mode and were instructed only to listen
relaxed and to avoid attention or any reaction to the stimuli to minimize artifacts caused by
movements.

The ac-EEG was recorded from 32 electrodes (Figure 1) positioned according to the interna‐
tional 10/20 system over frontal, central, temporal and parietal brain areas of both hemispheres
using the standardized Easy-Cap device (Easy Cap GmbH, Herrsching-Breitbrunn, Germany).
A linked-mastoid electrode served as a reference. Impedance was maintained below 5 kOhm.
An electrode at the forehead was used as a ground. The electrooculogram was recorded for
rejection of artifacts (two electrodes above and below the eye, one electrode lateral to the eye).
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The EEG was recorded with the Brain Products recording system (Brain Products GmbH,
Gilching, Germany). The bandpass ranged from 0.1 Hz to 250 Hz. The amplified signals were
digitized at a 5.000 Hz sample rate and analyzed off-line. The electrocardiogram was recorded
for a beat-to-beat frequency analysis.

Figure 1. The left panel shows the typical electrode positions at the cap that were used in this study. Two additional
reference electrodes were placed at the mastoids and as a ground electrode, the FPC position was used. To extract arti‐
facts by eye movements, the VEOG was recorded with two electrodes. For analyzing the heart rate, the electrocardio‐
gram in the Einthoven triangle was recorded (symbolized by the ECG marking). The right panel shows the Easy Cap
device on the head while fixing the electrodes.

2.3. Auditory stimuli

Stimuli were pure C1-major chords, C3 chords, and respective mistuned chords in a classical
oddball paradigm. The mistuned chords were generated by a synthesizer (variation +50 cent
of the middle tone for the C-major chord, and variation +12 cent for the C3 chord) (Figure 2).
A frequency and spectrogram analysis was performed to assure that the mistuned chords were
in the same frequency range and had a similar intensity (integrating-averaging Sound Level
Meter, type 118, class 1; Norsonic, Lierskog, Norway). Whereas the +50 cent variation was easy
to differentiate from correct tunes, the +12 cent variation was difficult to discern for all non-
trained listeners.

Stimuli were stored on a PC and presented in a free-field mode via the Presentation software
(Presentation V9.12, NBS, Berkeley, CA) via two active loudspeakers as shown in Figure 3.

A recording session consisted of four trains per 200 single stimuli each. The participants
listened with closed eyes to two trains of C1-major chords and to two trains of C3 chords.
Parent and deviant stimuli were presented randomly in a 4:1 order and at randomized
interstimulus intervals lasting from 2 to 6 seconds. We defined three different paradigms of
stimulus occurrence: paradigm 1 had 150 normal and 50 mistuned C1-major chords, paradigm
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2 150 mistuned and 50 normal C1-major chords, and paradigm 3 150 normal and 50 mistuned
C3-major chords. Non-musicians and professional musicians listened to all three paradigms.
The stimulus intensity was set at 65 dB SPL.

Figure 2. Design of the musical chords produced with a computer synthesizer. The C1 major (ca. 400 Hz) were the low
frequency stimuli and the C3 major (ca. 1300 Hz) the high frequency stimuli. For mistuning, the middle tone E was
modified (marked with red in the lower panels on the left side). The diagram on the right shows a screenshot with the
intensities of both stimuli in a frequency spectrum. Note that there is no significant difference in intensity between the
normal and mistuned stimuli.

Figure 3. Schematic diagram of sound presentation and data recording setup in this study.
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The industrial workers listened only to musical stimuli in the paradigms 1 and 2 with the same
number of stimuli. For testing the industrial workers with specific sounds they were trained
to listen to we recorded samples of the machine noise as parent stimuli and interrupted this
machine noise with short high-pitched whistles or with very short intervals of random white
noise (deviant stimulus). Both types of stimuli were presented in an oddball paradigm with
similar time intervals at an intensity of 65 dB SPL.

2.4. Data analysis

Trials contaminated with artifacts (e.g., contractions of mimic muscles or eye movements) were
excluded from further analysis. The AEP in the EEG were evaluated using the BrainVision
Analyzer 2 (Brain Products, Munich, Germany). We observed a 512 ms time range with a 50
ms pre-stimulus interval. A set of raw EEG data from all electrodes is presented in Figure 4.

Figure 4. Specimen of an EEG recording, the recordings of EOG and of electrocardiogram with presentation of an audi‐
tory stimulus marked by the red dot and red line. The thin green lines indicate time intervals of 1 second. Note the
desynchronization in the EEG beginning from the arrow for the next 1-2 seconds together with a longer lasting de‐
crease in momentarily heart frequency.
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According to widely accepted procedures [20-22], we analyzed the maximal amplitudes and
latencies of the first negative component (N1), of the second positive component (P2), and we
analyzed the area under the curve for the second negative component (N2) in the time range
from 250-340 ms. The latter was done since not in all cases we could discern a typical or even
a single peak for the component of the AEP. The MMN was measured as the difference curve
between the AEP to deviant and parent chords in that time interval (Figure 5). Amplitudes
and latencies were compared between parent and deviant stimuli by t-tests (student) and
between the groups by one-way ANOVA as well. Separate tests were performed to determine
whether the MMN-amplitudes differed for non-musicians and professional musicians as well
as for normal hearing musicians and hearing-impaired musicians.

Figure 5. Specimen of a mean auditory evoked potential with labeling of the N1 and P2 components (amplitudes and
latencies accentuated with dotted lines). The time interval in which we looked for the MMN is marked in grey, and the
MMN is marked in green. The blue curve depicts the mean value to the frequently presented (parent) stimuli, the red
one to the infrequently presented (deviant) stimuli.

To assess whether listening to mistuned chords had influence on momentary EEG-activity, we
performed a Fast Fourier-Transformation (FFT) with the BrainVision Analyzer 2 in the
interstimulus interval to see whether EEG-activity shifted to higher frequencies after mistuned
chords. In addition, we analyzed the changes in mean heart rate (average of the heart rate
during listening to in-tune music vs. mistuned tones) within the same time interval. A
statistical comparison was made by means of the Wilcoxon matched pairs signed-ranks test.
Statistical significance was set at 5%. Though we performed the analysis for all EEG electrodes,
for better clarity we present here only data from the Cz electrodes.

3. Results

3.1. Amplitudes and latencies of N1 and P2 components of the AEP in normal hearing
probands

As can be seen in Figure 6, our presented chords evoked stable and replicable AEP both in
non-musicians and in professional musicians that differed only slightly between both groups.
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In both groups the presentation of mistuned chords induced larger P2 components than the
presentation of normal chords.

Figure 6. Mean values of AEP evoked by normal or mistuned stimuli in musicians (left diagrams) and in non-musi‐
cians (right diagrams). The bluish areas mark the time range in which we analyzed the differences between the AEP.
The difference curves are shown in black. The blue lines represent AEP to frequently presented chords, the red lines
AEP to the infrequently presented ones. For a better visibility the standard deviations of the curves are omitted. A and
B show that normal chords occurred frequently (paradigm 1). C and D show that mistuned chords occurred frequently
(paradigm 2). Note the small differences between normal tuned and mistuned chords in non-musicians in diagrams B
and D.

The peak of the N1 component was seen at about 128 ms after the stimulus, the peak of the P2
component at about 224 ms after the stimulus. Mean N1 amplitudes amounted to about 7 μV,
mean P2 amplitudes to 5 μV. A detailed comparison between the groups of musicians and
non-musicians and the three paradigms is given in Figure 7. It should be noted that both C3-
major chords resulted in markedly larger areas under the curve both for the N1 and for the P2
components in non-musicians and in musicians. However, the area under the curve of the P2
component was larger when C3-major chords were presented than when C1-major chords
were presented.
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Figure 7. AEP components from normal hearing non-musicians and musicians. The bars give the mean values ± std.
dev. The asterisks mark statistically significant differences (p<0.05). A) Latency times of the N1 component. B) Ampli‐
tudes of the P2 component. C) Areas under the curves of the N1 component. D) Areas under the curve of the P2 com‐
ponent.

Interestingly, the EEG activity differed markedly between both groups when the late compo‐
nents of the AEP were compared that were recorded from the Cz electrode and an activity map
was computed by the brain vision software. Though the general pattern was alike, a general
higher activity rate was seen in musicians over the temporo-occipital cortex and a lower
activity in the vertex area of the brain (Figure 8).

3.2. Amplitudes and latencies of N1 and P2 components of the AEP in hearing-impaired
probands

All professional musicians in this group had a hearing loss in the mid- and/or high-frequency
range with a mean PTS up to 35 dB SPL. No significant differences were obtained when left
and right ears were tested so a preferential side of hearing loss could be excluded. All hearing-
impaired industrial workers suffered from hearing loss that was recognized as an occupational
disease. The hearing deficit had a similar magnitude as in the hearing-impaired professional
musicians and was also found at both ears with a slight but insignificant preference to the left
ears (Figure 9).
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Figure 9. Mean values ± std. dev. of hearing loss in the left and right ears of the 10 hearing-impaired professional musi‐
cians (left) and of the 20 hearing-impaired industrial workers (right).

When tested with the auditory stimuli, the parameters of the AEP components differed from
the data obtained in normal hearing musicians. The N1 peaks were found earlier (C1 chord
121 ms, C3 chord 109 ms after stimulus) and had larger amplitudes (C1 chord 11 μV, C3 chord
11 μV). The same was seen for the P2 peaks (latency for C1 chords 213 ms, for C3 chords 202
ms; amplitude for C1 chords 5 μV, for C3 chords 8 μV). The latter difference was even
significant between C1 chords and C3 chords in this group.

For both stimulus types (normal or mistuned), neither amplitudes nor latencies of the N1
component showed significant differences between non-musicians, normal hearing or
hearing-impaired musicians. Responses to parent or deviant stimuli did not differ, regardless
whether in-tune or mistuned chords were given as parent stimuli. Similarly, no significant
difference existed when comparing the N1 components to the mid-frequency (C1; paradigm
1) or to high-frequency (C3; paradigm 3) stimulation when the chords were mistuned by either
50 cent or by 12 cent.

The workers were first presented the same auditory stimuli as the other participants in this
study, i.e., C1-major chords. When analyzing the AEP, we found later N1 amplitudes (peak

Figure 8. Comparison of cortical EEG activity after stimulation with normal C1-major chords. The AEP curves show
the grand mean value from all participants and the activity maps the distribution of cortical activity at different mo‐
ments after the stimulus in the time range marked in blue. A) Data from normal hearing non-musicians. B) Data from
normal hearing musicians.
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134 ms after stimulus) when the paradigm 1 was used, and same latencies as in non-musicians,
when the paradigm 2 was used (N1 peak 128 ms after stimulus). The N1 amplitudes ranged
from 10 to 12 μV and differed only slightly from those we obtained in non-musicians (Figure
10A and 10B). A similar result was seen when we analyzed the P2 components of the AEP. In
this group, the latencies ranged from 228 to 237 ms after stimulus in paradigm 1 and from 218
to 226 ms in paradigm 2 that was later than in musicians, but in the same range as in non-
musicians. The P2 amplitudes ranged from 7 to 11 μV and did not differ significantly to the
other participants. Both musicians and industrial workers had larger P2 areas under the curve
either when the mistuned stimuli were presented rarely in the paradigms 1 (Figure 10C) or
often in the paradigms 2 (Figure 10D).

Figure 10. Comparison of amplitudes of the N1 components and of the areas under the curve for the P2 components of
the AEP in hearing-impaired musicians and in hearing-impaired industrial workers. Data are presented as mean val‐
ues ± std. dev. The asterisk marks statistically significant differences (p<0.05). A) N1 latencies in paradigm 1. B) N1
latencies in paradigm 2. C) P2 areas under the curve in paradigm 1. D) P2 areas under the curve in paradigm 2.

In a second part of the study, the workers had to listen to machine noise that was either
unchanged (parent stimulus) or interrupted/disturbed by short high-pitched whistles. This
type of stimulation did not evoke typical AEP, but was used to look for activity changes in the
EEG (see below).

Update On Hearing Loss142



134 ms after stimulus) when the paradigm 1 was used, and same latencies as in non-musicians,
when the paradigm 2 was used (N1 peak 128 ms after stimulus). The N1 amplitudes ranged
from 10 to 12 μV and differed only slightly from those we obtained in non-musicians (Figure
10A and 10B). A similar result was seen when we analyzed the P2 components of the AEP. In
this group, the latencies ranged from 228 to 237 ms after stimulus in paradigm 1 and from 218
to 226 ms in paradigm 2 that was later than in musicians, but in the same range as in non-
musicians. The P2 amplitudes ranged from 7 to 11 μV and did not differ significantly to the
other participants. Both musicians and industrial workers had larger P2 areas under the curve
either when the mistuned stimuli were presented rarely in the paradigms 1 (Figure 10C) or
often in the paradigms 2 (Figure 10D).

Figure 10. Comparison of amplitudes of the N1 components and of the areas under the curve for the P2 components of
the AEP in hearing-impaired musicians and in hearing-impaired industrial workers. Data are presented as mean val‐
ues ± std. dev. The asterisk marks statistically significant differences (p<0.05). A) N1 latencies in paradigm 1. B) N1
latencies in paradigm 2. C) P2 areas under the curve in paradigm 1. D) P2 areas under the curve in paradigm 2.

In a second part of the study, the workers had to listen to machine noise that was either
unchanged (parent stimulus) or interrupted/disturbed by short high-pitched whistles. This
type of stimulation did not evoke typical AEP, but was used to look for activity changes in the
EEG (see below).
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3.3. Comparison of the MMN

When interviewed after the series both normal hearing and hearing-impaired musicians
complained about the mistuned chords. They told us that they were annoyed at the mistuned
chords, but hearing-impaired non-musicians and hearing-impaired industrial workers had not
perceived the small differences between the stimuli.

Hearing-impaired musicians were still able to distinguish between in-tune and mistuned
chords in both the C1 and in the C3 chords regardless of the degree of mistuning. Their areas
under the curve for the MMN were significantly larger when the C1 chords were presented
and mistuned stimuli occurred rarely (paradigm 1), which is shown in Figure 11.

Figure 11. Comparison of areas under the curve for the stimulation with C1 chords in paradigm 1 (black bar) and in
paradigm 2 (red bar). Data are presented as mean values ± std. dev. The asterisk marks a significant difference
(p<0.05).

Independent from hearing impairment, rarely occurring chords (either normal or mistuned)
in the musicians group evoked larger areas under the curve for the P2 components (Figure 12).

Interestingly, in hearing-impaired industrial workers, a similar but statistically insignificant
difference was seen between the areas under the curve for the P2 component, though the
workers told in the interview that they did not observe any differences between the presented
chords. This difference was seen both when the mistuned stimulus was presented rarely or
often (Figure 13).

The investigation of the MMN curves (AEP to deviant minus AEP to standard stimuli)
confirmed differences between non-musicians and both groups of musicians. In normal
hearing musicians, the MMN was found in the time range from 180-250 ms after stimulus and
a similar, but even longer lasting MMN (up to 300 ms after stimulus), was seen in hearing-
impaired musicians. The MMN curves after high-frequency stimulation (C3 chords), however,
allowed a clear differentiation between professional musicians and non-musicians. Non-
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musicians had no typical MMN in the observed time range. In normal hearing musicians, this
MMN occurred in the range of 250-340 ms after stimulus and a small, but clearly discernable
MMN was also found in hearing-impaired musicians. In the latter group, however, the MMN
started earlier (220-230 ms after stimulus).

Figure 12. Comparison of the areas under the curve for the P2 components of the AEP in hearing-impaired professio‐
nal musicians. Data are presented as mean values ± std. dev. The asterisks mark significant differences (p<0.05). Black
bars show responses to the parent stimuli, the brown bars show the responses to the deviant stimuli. A) C1 chord,
paradigm 1. B) C1chord, paradigm 2. C) C3 chord, paradigm 3.

Figure 13. Areas under the curve for the P2 component recorded in hearing-impaired workers. Data are presented as
mean values ± std. dev. The red bars show responses to parent stimuli, the green ones to deviant stimuli. A) Presenta‐
tion in paradigm 1 (mistuned stimuli occur rarely). B) Presentation in paradigm 2 (normal stimuli occur rarely).
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3.4. FFT analysis of the EEG and heart rate analysis

Due to the instructions to the participants (closed eyes, relaxed sitting position, no directed
attention to the stimuli), highest spectral power was found in the alpha band, thus confirming
that the participants followed the instructions. In both groups of musicians, we found a shift
in power density towards higher alpha EEG activity in the interstimulus intervals after
presentation of mistuned chords. Such a large shift failed to occur in non-musicians, when the
same stimuli were presented. In this group EEG power spectra density was the same, regard‐
less whether in-tune or mistuned chords were presented (Figure 14).

Figure 14. FFT-analysis of the EEG shown as diagrams of regional spectral EEG power and as frequency split maps for
musicians (top) and non-musicians (bottom). The light blue bar in the power spectra marks the frequency range that is
further analyzed in the frequency split maps. Note the activity shifts towards higher alpha frequencies in musicians
when mistuned stimuli were presented. Such a shift failed to occur in non-musicians.

In the same groups we analyzed the heart rates and found a significant increase in mean heart
rate in musicians after listening to mistuned chords compared to the resting situation, but no
significant differences when comparing resting situation vs. hearing of in-tune chords (resting
situation 69.6±12.4 beats per minute, 70.2±12.4 beats per minute after in-tune chords, 71.4±11.5
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beats per minute after mistuned chords; n=15; Wilcoxon matched pairs signed-ranks test,
p=0.0353). The mean heart frequency, however, did not change in non-musicians (resting
situation 60,7±8.1 beats per minute, 60.5±7.5 beats per minute after in-tune chords, 60.8±8.7
beats per minute after mistuned chords; n=10).

Hearing-impaired industrial workers always negated to have noticed the mistuned stimuli,
though we had recorded typical MMN to the rare stimulus. In order to present a profession-
specific sound to this group, we had used short sequences of the unchanged machine noise
and the same noise with high-pitched whistles that sounded like very short pips.

As expected from the pre-trial interviews where the hearing-impaired workers claimed that
they easily could discern even one broken bottle in the machine sound, the workers con‐
firmed after the trials that they had heard the rarely occurring disturbed noise samples. In the
EEG, the occurrence of these rare stimuli caused a desynchronization lasting for 5-6 seconds
(Figure 15).

Figure 15. Sample EEG recording from one hearing-impaired industrial worker. The black dot at the bottom marks the
presentation of the disturbed machine noise; the onset of the desynchronization in the EEG is marked by an arrow.
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Figure 16. FFT-analysis of the EEG shown as diagrams of regional spectral EEG power and as frequency split maps for
normal undisturbed machine noise was presented (left panel), and when the machine noise was disturbed by short
pips (right panel). The light blue bar in the power spectra marks the frequency range that is further analyzed in the
frequency split maps.

We performed the same FFT-analysis of the EEG in the workers and revealed a shift in the
frequency towards higher alpha bands when the disturbed noise was presented (Figure 16).
During undisturbed noise the EEG activity had its maximum at 9.7 Hz and was preferentially
distributed in the right hemisphere, and only a small area of this hemisphere showed a 10.0
Hz EEG. When we presented the disturbed noise, in a larger area of the brain at both hemi‐
spheres a 10.0 Hz EEG and in the frontal parts of the cortex even a 10.7 Hz EEG were observed.
The mean EEG frequency increased from 9.2±0.6 Hz during undisturbed noise to 9.4±0.6 Hz
during disturbed noise.

Figure 17. Mean values of EEG power spectra ± std. dev. in hearing-impaired industrial workers when typical machine
noise was presented. The red bar shows the data during undisturbed noise; the green one shows the data during dis‐
turbed noise.
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In addition, we analyzed the power spectra in the frequency range from 12 to 14 Hz at the Cz
electrode and found significantly higher regional EEG spectral power in hearing-impaired
industrial workers when disturbed machine noise was presented (Figure 17).

4. Discussion

For the first time in this study, profession-specific stimuli were used to assess the effects of
hearing deficits in professional musicians and in industrial workers. Here we have shown that
parameters of AEP and MMN to mistuned chords differ between musicians and non-musi‐
cians, as well as between normal hearing and hearing-impaired musicians, and that compo‐
nents of the AEP and the MMN can be used to differentiate between the three investigated
groups. FFT analysis of the EEG in the interstimulus intervals confirmed that mistuned chords
caused a state of higher EEG activity only in musicians, regardless of their hearing loss.
Another evidence was the occurrence of heart rate changes only in musicians. Therefore we
conclude that both perception and processing of musical signals differ between musicians and
non-musicians. In hearing-impaired workers, the disturbed machine noise caused a state of
higher EEG activity as well.

It is known that complex stimuli such as complex derived words can produce MMN [23]. The
stimuli we used were chosen from the typical occupational environment of the professional
musician, i.e., musical chords. Complex musical sounds are used to produce MMN, e.g., to
compare timbre processing in harmonically rich sounds versus single sinusoidal tones [24].
We had expected that musicians with ongoing musical training over several years have learned
to hear and to evaluate these stimuli with their professional memory. Marked differences
between tuned and mistuned chords should be recognized easily by musicians, but also by
non-musicians. Smaller differences, however, when stimuli were presented in the high-
frequency range should be recognized only by musicians. To our knowledge, such a study had
not been done before in hearing-impaired musicians.

Intense musical training resulted in an increase in area of primary and secondary audito‐
ry cortices [25-27]. In line with this finding, fMRI investigations in musicians revealed a co-
activation of both auditory and sensomotor areas in the cortex, thus showing that musical
training changes the connectivity and probably also the processing strategies in the brain
of  musicians  [28-30].  Long-term  musical  training  enhances  the  short-term  memory  for
auditory stimuli and eased behavioral tasks, e.g., detection of deviant tones in a series of
auditory stimuli [31].

Our results confirmed the efficacy of comparison of event-related potentials to differentiate
between trained musicians and non-musicians [32,33]. The effect of training to induce neural
plasticity in the auditory system has been shown in musical conductors compared to non-
musicians in a spatial detection task [34], in a pitch detection task [35] or in MMN evoked by
variations of complex tone patterns, where long-term musical training modulated the encod‐
ing of wrong tones in the right hemisphere of musicians [36]. This is an ongoing process starting
in pre-adolescence, since musically trained children had larger MMN to slightly mistuned
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tones compared to age-matched, non-trained children already at the age of 11, thus confirming
that musical training indeed could be responsible for the larger negativity [37]. The cortical
plasticity can even be improved, if not only auditory but also somatosensory tasks should be
solved, e.g., learning to judge whether music was correctly played versus learning to play an
instrument [38]. Interestingly, in hearing-impaired musicians we found clearly distinguishable
MMNs, as well as changes in EEG power spectra after presentation of mistuned chords. Even
when the stimulus was in the frequency range that was affected by the hearing disability (C3
paradigm), the professional musicians were able to differentiate between in-tune and mistuned
chords. However, the normal hearing untrained non-musicians were only able to differentiate
to heavily mistuned (50 cent) stimuli, but the hearing impaired did not. The results of inter‐
views confirmed that the mistuned stimuli were recognized both by normal hearing and by
hearing-impaired musicians and caused a state of unhappiness.

We could prove this when we tested the hearing-impaired workers with chord stimuli. The
workers had similar hearing deficits in a similar frequency range as the hearing professional
musicians. The musicians easily recognized the mistuned stimuli and commented on their
occurrence in the interviews after the trials, but the workers who never before had heard those
stimuli did not. The early AEP components (N1 amplitudes and latencies) did not indicate
different processing of the mistuned chords by the workers. The late AEP components (P2 area
under the curve and MMN), however, indicated that the mistuned stimuli were sensed and
processed differently, even if the person was not aware of this stimulus [39]. Unfortunately,
we could not test this phenomenon reversely with the professional musicians, since they
refused stimulation with machine noise. We suppose that such unfamiliar stimuli would be
difficult to discern by the musicians.

To explain the ability of hearing-impaired musicians to differentiate between "right" and
"wrong" tunes several considerations are necessary. We can exclude a significantly varied
loudness of the tuned versus the mistuned stimuli. In the group of hearing-impaired musi‐
cians, audiological investigations provided evidence for a diminished peripheral input. This
impairment might explain the delayed and smaller amplitude of the P2 component as well as
the smaller areas under the curve for the N2 component and the smaller resulting MMNs than
in normal hearing musicians. Interestingly, the AEP had a similar amplitude and time shape
both after stimulation with the high-frequent C3 paradigm and with the mid-frequent C1-
major chords, thus confirming that the hearing damage should have affected a larger part of
the cochlea. In agreement with a previous study [8], we had instructed the participants to sit
relaxed and not to pay attention to the chords. Therefore, we conclude that we were able to
record a non-attentional, automatic processing of musical signals. Musicians that were trained
to those signals should process this information more effectively [8]. In line with this, musicians
were less dependent on the salience of an acoustical environment, but in non-musicians
salience had a stronger impact on the processing of complex tone patterns [36]. Assuming that
musical training had already caused this effect before hearing impairment started, it is likely
that the diminished input could be processed in professional musicians with still higher
efficacy than in untrained non-musicians. Another statement in the literature [10] gives
support to our interpretation: musical training should result in a more accurate tuning of the
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frequency-specific neurons in musicians compared to non-musicians. There is indication for a
better top-down modulation of auditory processing in trained musicians for both musical
sounds and speech [40]. We suppose, therefore, that a better tuning function of the neurons
would result in more accurate processing of the rest of a signal when the input is diminished
by cochlear damage. In line with this, we found in hearing-impaired musicians significant
earlier N1 and P2 components than in hearing-impaired industrial workers when musician-
specific chords were used as stimuli.

We conclude that our observed smaller MMNs to mistuned chords in hearing-impaired
professional musicians reflect central compensation mechanisms that are able to improve the
processing of profession-specific signals, i.e., musical chords. This compensation does not take
place in situations of normal life (i.e., without ongoing formal training), e.g., watching TV,
using a headphone or cellular phone, or in situations with a loud background that disturbs the
incoming signals. In these situations, hearing-impaired musicians complain about the hearing
deficit though they are able to play their instruments correctly.

The musicians investigated in our study were interested in learning about hearing damage
and the proper use of hearing protectors. Nevertheless, the acceptance of hearing protectors
(custom-built ear plugs for specific instruments) among musicians in classical orchestras is
very small; more than 90% dislike such devices. Another number has been observed among
rock musicians - there is a rate of nearly 50% who accept such hearing protectors [41,42].
Hearing loss among professional musicians in Germany has so far not been accepted as an
occupational disease though sound intensities exceed the limits allowed for a working shift in
many orchestras [12,43]. The lack of rules to prevent hearing loss in professional classical
musicians and the ongoing dispute whether sound exposure during rehearsals or performan‐
ces is high enough to induce hearing loss hinders the discussion to foster the use of hearing
protection in that profession [44-48].

In conclusion, our data indicate that a differentiation between non-musicians and musicians
is possible by analyzing AEP components or the MMN when profession-specific stimuli are
used. The MMN was still present in hearing-impaired professional musicians, although they
had a hearing deficit in the frequency range of the musical stimuli. Probably, the intense
musical training has enhanced the processing structures and/or efficacy to evaluate the musical
stimulus. A similar result was seen in the workers: ongoing professional training enabled the
detection of disturbed machine noise though this group was unable to detect differences in
non-trained musical sounds.

To answer the hypotheses postulated at the beginning:

1. Musical chords are a suitable stimulus to evoke stable and replicable AEP both in
musicians and in people who are not trained to musical stimuli. AEP evoked by those
stimuli can be used to differentiate between trained and untrained persons. Especially the
late components of the AEP differ and depend on the learned stimulus. Ongoing profes‐
sional training to specific sounds is a learning process that is reflected in different sound
processing and in the late components of the AEP.
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2. After ongoing training to profession-specific sounds, a person is able to notice even small
differences of a stimulus, even though the stimulus is presented in a frequency range with
impaired hearing function. This phenomenon should be noted when hearing thresholds
are measured. A PTS does not always represent an inability to perform a specific (learned)
hearing task.

3. The occurrence of differences in the stimuli that is reflected in different parameters of the
AEP does not imply an awareness of perception of the stimulus. This is important when
foreign stimuli are used and the proband is asked for recognition of different stimuli.

Nomenclature and Abbreviations

AEP; Auditory evoked potential

ANOVA; Analysis of variance

DPOAE; Distortion product otoacoustic emissions

EEG; Electroencephalogram

FFT; Fast Fourier transformation

MMN; Mismatch Negativity

PTS; Permanent threshold shift

TEOAE; Transient-evoked otoacoustic emissions

VEOG; Vertical electrooculogram
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Abstract

Objective: We aimed to verify the therapeutic effect of soft laser in a combination with
Ginkgo biloba extract EGb 761 in patients suffering from chronic tinnitus.

Background data: Tinnitus is described as an illusory sound perceived by the patient
when there is no corresponding source of this sound outside. Tinnitus may signify a
disturbance of peripheral or central part of hearing system. Beside the hearing system,
there might be an utterly different etiology of tinnitus. Cardiovascular, musculoske‐
letal, mental, and other disorders can contribute to tinnitus formation as well. Due to
these multiple etiologic factors the treatment is very difficult.

Studies analyzing biological effects of EGb 761 and laser suggest their use in tinnitus
treatment. However, clinical study results are very variable, which makes their
general use more controversial.

Methods: We conducted a simple prospective study including 420 patients suffering
from chronic tinnitus (duration 3 months to 40 years; 7.7 years mean value; SD 7.8).
A soft laser BTL-10 type was used with an 830 nm / 200 mV probe, at an energy density
of 50 J/cm2, applied with transmastoidal and transmeatal approach in a continuous
and pulse beam, after 3 weeks of oral use of EGb 761. The therapeutic effect was
evaluated by tinnitus intensity and frequency determination (tinnitus masking) and
by the subjective rating on visual analogue scale (VAS) with 0 - 10 points.

Results: Among the 420 patients, 238 (56, 7%) achieved improvement in the tinnitus
masking, the average improvement in terms of intensity was found to be 30dB.
Hundred and ninety-six patients (46, 7%) recorded improvement on VAS. The
objective and subjective evaluation coincided in 79% of cases.

© 2015 The Author(s). Licensee InTech. 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.



Conclusion: Compared to the outcomes of other studies, our findings reveal a
relatively higher percentage of positive changes regarding the tinnitus status and
greater congruence of objective (audiometric) and subjective (VAS) results.

Keywords: Tinnitus, EGb 761, laser

1. Introduction

Tinnitus is described as an illusory sound perceived by the patient when there is no corre‐
sponding source of this sound outside. Tinnitus is present in 5 - 15% of the population and in
70% of patients with hearing disturbances. Tinnitus may signify a disturbance of the peripheral
or central part of the hearing system. Beside the hearing system, there are more possible causes
of tinnitus - cardiovascular, musculoskeletal, metabolic, and endocrine dysfunctions (dyslipi‐
demia, thyroid dysfunction, diabetes mellitus), and stress and mental disorders might
contribute to tinnitus formation as well. Despite the diagnostic tools we have (audiometry,
tinnitus masking), the exact cause often remains unrevealed. Various origins of tinnitus make
the treatment very difficult and challenging as well, knowing that tinnitus itself can cause
another mental and social troubles.

There are numerous chronic tinnitus treatment methods such as pharmacotherapy, physio‐
therapy, psychotherapy, surgery, etc., which concentrate on the tinnitus intensity reduction
and patient’s life quality enhancement. Unfortunately, the therapy effect is quite poor in the
majority of cases, so alternative modalities of treatment are often introduced. [1] In chronic
tinnitus patients, complete disparition of tinnitus arrives very rarely. The number of com‐
pletely cured patients is not statistically significant.

The therapy is targeted to reducing the tinnitus sensation. We evaluate subjective feelings
concerning annoyance and loudness of tinnitus described by means of visual analogue scale
(VAS 0-10) and objective measurements of the frequency and intensity of tinnitus.

For better tinnitus control, a combination of treatment methods were inducted. The dual
approach of Ginkgo biloba extract (EGb 761) and soft laser therapy belongs to various
combined methods.

EGb 761 is a standardized extract containing 24% flavonoids, 7% proanthocyanidins, and 6%
terpenoids. [2] It has a polymodal effect on the cell and tissue metabolism. The flavonoids are
mainly responsible for antioxidant actions while diminishing the free radical damage. [3, 4, 5,
6] The terpenoid fraction contains Ginkolide B which is a potent platelet-activating factor (PAF)
receptor antagonist. [7] EGb 761 is also a vasodilator. For hundreds of years the Ginkgo biloba
extract was used for the treatment of respiratory disorders. [8] Some studies deny the thera‐
peutic effect of Egb 761 in tinnitus, [2] while others encourage its use. [9]

Laser devices generate electromagnetic radiation with only one wave length. In the biological
tissue, the laser light beams exert analgesic, anti-inflammatory, stimulation, thermal, and
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photochemical effect. The concentrated radiation reduces the irritability of the peripheral
nervous system, activates polymorphous cells, monocytes, granulocytes, and fibroblasts,
activates respiration chain enzymes, and amplifies anti-oxidative effects in the mitochondria.
The laser radiation intensifies metabolism in targeted tissues and cells. They gain additional
energy, they can regenerate faster, and their mechanisms of protection are amplified. [10]

In the field of otoneurology, the red light spectrum lasers are the optimal. Thus, the effect we
expect is mainly founded on the support of cellular oxidative processes and cell metabolism
stimulation.

For the treatment of tinnitus, low level laser therapy (soft laser therapy) has been used since
the early 1990s'. Studies concerning the evaluation of its therapeutic possibilities and achieve‐
ments followed soon after. For both single therapy by the soft laser [11, 12, 13] and combined
therapy by the soft laser with EGb 761, the results have been discouraging. [14] However,
recent researches show more promising results. [15, 16, 17, 18, 19, 20] This mismatch of findings
can be clarified by different researchers’ approaches, which concern the design of the study,
physical parameters of the laser beam, topography of the radiated region, and duration and
schedule of the laser therapy. Results from more recent surveys [16, 17] are validated and
confirmed by functional magnetic resonance and dosimetric studies.

This study follows our former publication, [21] whereas now involving more patients.

2. Materials and methods

At our ENT Clinic of the Third Medical Faculty, Charles University in Prague, we conducted
a simple prospective study including 420 patients with chronic maskable tinnitus between
years 1998 and 2006. Two hundred women and 220 men were enrolled, and the mean age of
patients was 53.7 years (16 - 77 years). The onset of tinnitus was 3 months to 40 years (mean
time of onset 7.7 years) (Table 1).

420 patients (200 women and 220 men)

Age – group:
– women:
– men:

16–77 years (53.7 mean; SD = 14.2)
16–77 years (54.1 mean; SD = 14.1)
16–77 years (53.3 mean; SD = 14.2)

Tinnitus duration – group:
– women:
– men:

0.25–40 years (7.7 mean; SD = 7.8)
0.50–32 years (7.8 mean; SD = 7.9)
0.25–40 years (7.6 mean; SD = 7.7)

Table 1. Study cohort, demography

In the exclusion criteria otosclerosis, vestibular neurinoma, acute labyrinthine disease, serius
cervical spine disorders, and serious or non-compensated metabolic disorders were compre‐
hended.
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According to the flow chart of the study, we performed thorough history taking, complex ENT
examination, audiologic tests (pure tone audiometry, speech audiometry, if necessary objec‐
tive audiometry as well), tinnitus intensity (dB), and frequency (Hz) determination. The
subjective loudness sensation and annoyance were also recorded on visual analogue scale (0-
10 points).

Three weeks before the laser therapy started, patients were instructed to take EGb 761
commercial preparations (Tanakan 80 mg or Tebokan 80 mg, in the form of tablet or drops),
three times a day by peroral route of administration. The soft laser therapy followed, using
BTL-10 laser device. Patients were scheduled for 10 sessions of laser therapy in at least three
weeks, each session lasting 10 minutes. The parameters of the probe were adjusted for 830 nm/
200 mV, at an energy density 50 J/cm2. Initially a continuous beam followed by the pulse beam
were applied, while the probe was targeted to the mastoid process and external auditory canal
(aiming to cochlea).

3. Results

As to evaluate the changes of tinnitus, both subjective and objective methods were employed:
tinnitus intensity and frequency determination (tinnitus masking) and rating on visual
analogue scale (VAS). According to VAS, at least one point less was considered as an im‐
provement.

In terms of audiometric changes, the average intensity improvement was found to be 30 dB
(range 10-50 dB). One patient described complete disappearance of tinnitus, and one patient
noted worsening of his tinnitus by 10 dB. Tinnitus intensity improved by 10 dB in 31 patients,
by 20 dB in 73 patients, by 30 dB in 48 patients, by 40 dB in 38 patients, and eventually by 50
dB in 48 patients. The total number of improved cases equals to 238 (Table 2).

Change Count %

by 10 dB
by 20 dB
by 30 dB
by 40 dB
by 50 dB

31
73
48
38
48

13.0
30.6
20.2
16.0
20.2

∑ 238 100.0

Table 2. Objective changes in tinnitus masking

Two hundred and thirty-eight cases (56.7 %) achieved improvement in the tinnitus masking,
and in 182 cases (43, 7 %) tinnitus masking remained the same. Subjective relief from tinnitus,
recorded by VAS questionnaire, was noted in 196 cases (46.7 %) (Table 3). An interesting
observation was made in one female patient with objective improvement of 50 dB and no
subjective relief from tinnitus.
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Objective parameters

Audiogram confirming improvement
Audiogram with no change

238 patients
182 patients

56.7%
43.3%

Subjective improvement 196 patients 46.7%

Table 3. Improvement rate

The correlation of subjective and objective measurements was following: in 79% of findings
total accord was found (conformity of audiogram and VAS questionnaire), in 11% of cases no
subjective improvement was reported in patients with objective audiometrical improvement,
and in the remaining 10% of cases, subjective relief from tinnitus was not supported by any
objective finding in audiogram (Table 4).

Correlation Number of patients %

Conformance of audiogram and VAS
Audiogram improvement, no VAS change
VAS improvement, no audiogram change

332
46
42

79
11
10

∑ 420 100

Table 4. Correlation of subjective and objective evaluation

4. Discussion

For the tinnitus evaluation, we can never rely solely on the objective measurement tools. Many
relevant factors cannot be measured, but only perceived by the patients. Tinnitus is a very
subjective sound sensation, and each person feels it in his own individual way. Hence, the
subjective assessment is for us as significant as objective audiometric tests. In our study,
regardless the audiometric results, 46.7% of patients described a certain level of relief. The
objective tests revealed that an even higher number - 56.7% - of patients displayed improve‐
ment with a relatively high mean value of 30dB. Audiometric intensity determination ap‐
proved the patients’ subjective records in 79% of cases, which indicates the relevance of both
methods.

The study results are in accord with our everyday experience, when tinnitus intensity deter‐
mination (tinnitus masking) changes are not always perceived the same way by the patient.
In our study cohort 10% of patients reported diminished tinnitus perception, although the
audiometric tests showed no change. This might be explicated by the placebo effect. Contra‐
riwise, 11% of the cases were not aware of their “audiologic improvement,” which is a routinely
described phenomenon of central processing or imprinting of tinnitus. [22, 23]

The therapy was supported well, no serious adverse events were reported, but some patients
complained of the laser’s thermal effect though.

In comparison to other researches concentrating on soft laser therapy in chronic tinnitus,
Shiomi et al. [11] conducted a similar design study but with no premedication by EGb 761.
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Finally, he declared similar results in chronic tinnitus patients as we did. In a double-blind
randomized study of Gungor et al. [18] who also used laser therapy alone (power of 5 mW,
650 nm wavelength, 15 minutes for one session), the results were similar as in our study.
However, Rogowski et al. [13] and Partheniadis-Stumpf et al. [14] found out rather negative
outcomes. Such a difference could be explained by different laser parameters and different
number of patients in study groups. Compared to the German study, [14] we applied Egb 761
perorally three weeks before the laser therapy, expecting accentuation of the nootropic effect
with a longer time of administration, while Partheniadis-Stumpf et al. [14] applied Egb 761
intravenously directly before each laser session.

5. Conclusion
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Abstract

Within the last decade, numerous new challenges have appeared in the UNHS arena,
such as (i) the need to validate the automated OAE/ABR screeners; (ii) the need to qualify
the responses from the automated devices; (iii) the need to obtain additional information
(i.e., hearing threshold) for the subject under assessment, in a short period of time; (iv)
and the need to integrate numerous measurements in a single portable automated device.
To respond to these clinical demands, several new methodologies have been introduced
to the UNHS clinical practice. In this context, the aim of this chapter is to provide infor‐
mation on these new technological trends.

Keywords: Automated otoacoustic emissions (AOAE), automated auditory brainstem re‐
sponse (AABR), wideband reflectance, middle ear power analysis, neonatal hearing
screening, auditory state steady response, hearing threshold

1. Introduction

Otoacoustic emissions (OAEs) or cochlear echoes is a term coined by David Kemp in 1978 [1],
describing the transient responses from the inner ear, upon its stimulation by an acoustic click
stimulus. During the last 20 years, OAE protocols have been used in many areas of audiology
and hearing science [2]. The most significant contribution of OAEs is in the area of universal
neonatal hearing screening (UNHS).

While the main objective of neonatal hearing screening (NHS) is the identification of infants
with a hearing deficit (≥30 dB HL), the objectives of a UNHS program have a broader vision.
Two important phases are considered: (i) the identification of infants with mild and moderate
hearing deficits and (ii) an intervention in terms of hearing improvement (hearing aids and

© 2015 The Author(s). Licensee InTech. 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.



cochlear implants) and neural rehabilitation, aiming at the restoration of hearing and the
normalization of the quality of life of the young patient.

Within the last decade, numerous new challenges have appeared in the UNHS arena, such as
(i) the need to validate the automated OAE/ABR screeners; (ii) the need to qualify the responses
from the automated devices; (iii) the need to obtain additional information (i.e., hearing
threshold) for the subject under assessment, in a short period of time; and (iv) the need to
integrate numerous measurements in a single portable automated device. To respond to these
clinical demands, several new methodologies have been introduced to the UNHS clinical
practice. In this context, the aim of this chapter is to provide information on these new
technological trends.

2. Automated auditory brainstem responses

In the early 2002, the first fourth-generation OAE devices appeared in the market and offered
the possibility to integrate information from different testing protocols such as automated OAE
(AOAE) and automated ABR (AABR) responses. The combined screening protocols (AOAE +
AABR) targeted the identification of auditory neuropathy, most prevalent in the neonatal
intensive care (NICU) environment.

With the introduction of the AABR protocols in the NHS programs, several issues became
evident, and among those questions related to screening times and screening costs. The latter
is outside the objectives of this paper and will not be addressed. A previous study of our group,
in the context of the regional NHS project CHEAP in Emilia-Romagna, Italy [3], provided
evidence suggesting that in terms of time-requirements, portable ABR (Audioscreener, Viasys;
Accuscreen, GN-Otometrics; Algo 3i, Natus) and OAE devices were converging to the same
time values. Data from the above study suggested that (i) the average time for AOAE responses
is less than 10 s in a cooperative subject and less that 120 s (2 min) in non-cooperative subjects
and (ii) the average AABR test times were less than 120 s, while longer times (600 s per ear)
were required for uncooperative subjects. The placement of the AABR electrodes might be a
complicated process, especially when highly skin impedances (caused by excessive lipid
layers) are encountered. In these cases, the AABR algorithms tend to oversample in order to
derive a coherent signal, and as a result, the testing times are significantly prolonged.

A combined two-stage approach (i.e., AOAE + AABR) eliminates the risk of not identifying
infants with auditory neuropathy and assures that the screening sensitivity is high. Contrary
to this hypothesis, data from a large-scale American study by White et al. [4] suggest that this
is not always the case. From 86,634 screened infants, using a two-stage OAE/A-ABR protocol,
23% would have passed the AABR.

Another interesting development in the ABR/AABR area is in the area of the evoking stimulus.
Traditionally, ABR and AABR protocols use click stimuli to synchronize as many neural fibers
as possible and to obtain an ABR response of large amplitude with less sweeps. Recently, chirp
stimuli have been used to optimize the ABR/AABR responses. According to Kristensen and
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Elberling [5], “Upward chirps are often designed to compensate for the cochlear traveling wave
delay which is regarded as independent of stimulation level. A chirp based on a traveling wave
model is therefore referred to as a level-independent chirp. Another compensation strategy,
for instance based on frequency-specific auditory brainstem response (ABR) latencies, results
in a chirp that changes with stimulation level and is therefore referred to as a level-dependent
chirp. One such strategy, the direct approach, results in a chirp family that is called the level-
specific chirp.” Data from studies using level-dependent chirps [6–11] are very encouraging,
reporting ABRs recorded in less time and with higher amplitude values. The latter is very
important for the statistical algorithms of the AABR devices, meaning that higher statistical
accuracy can be obtained in the chirp-evoked AABRs.

3. Middle ear reflectance and Middle Ear Power Analysis (MEPA)

Data from studies that have evaluated the performance of NHS programs in the well-baby
clinic or in the NICU [4, 12, 13] have reported that the majority of “screening refers” are due
to transmission impeding factors such as the amniotic fluid or any substance blocking the
propagation of the acoustic stimulus. Usually, these conditions are transient (i.e., they last 24–
30 h), and infants can pass the OAE test when the fluid is absorbed or when the auditory meatus
is clean.

Using a middle ear power analysis (MEPA) testing procedure, it is possible to determine
whether the middle ear conducts properly acoustic stimuli, and in this context, the OAE
screening results can be interpreted more clearly. Data from the literature [14, 15] have shown
that one of the MEPA metrics, the middle ear reflectance, is more sensitive to the distortion
product OAE (DPOAE) status than the 1-kHz tympanometry values. Power reflectance is a
measure of middle ear inefficiency. It is the ratio or percentage of power reflected from the
eardrum to the incident power as a function of frequency. Acoustic power measurements
objectively quantify middle ear function or malfunction.

Currently, there is only one manufacturer (Mimosa Acoustics) offering reflectance measure‐
ments. The company offers two devices capable of MEPA, DPOAE, and general OAE meas‐
urements: the Otostat (handheld) and the HearID (research oriented) model. These devices
(depicted in Figure 1) can measure wideband power reflectance up to 6 kHz and most
importantly without the need for a pressurized ear canal.

To interpret the clinical usefulness of the MEPA approach, Hunter et al. [15] constructed
normative regions for newborns, relating middle ear reflectance values evoked by chirp stimuli
and DPOAE amplitudes at 1.0, 1.5, 2.0, 3.0, 4.0, and 6.0 kHz. The three regions were described
as follows:

1. A retest area (where the values of reflectance are high)

2. An ambiguous area (where the values of reflectance are moderate)

3. A pass area (where the values of reflectance are low)
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These areas are depicted in Figure 2. In terms of interpretation, If the MEPA reflectance values
fall above the “pass” area, especially around 2 kHz, outer or middle ear problems may be the
cause, and a rescreening session after a few hours or a day is recommended prior to diagnostic
referral. If the outcome is still a “refer” then clinical assessment is necessary. If the MEPA
reflectance values fall within the “pass” area, especially around 2 kHz, the middle ear is more

Figure 1. The Mimosa Acoustic devices capable of recording wideband reflectance and OAEs. Data from the Mimosa
Acoustics website (http://www.mimosaacoustics.com).
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likely to be normal and associated with a DPOAE pass result. If the DPOAE result is ambiguous

or a “refer”, then middle ear issues are not suspected as a hearing deficit cause and further

clinical assessment is necessary. Table 1 summarizes all these outcomes.

Figure 2. Pass, ambiguous, and retest regions for wideband reflectance using chirp (solid regions) and sine (symbols)
stimuli. Results above this region, especially at 2 kHz, are associated with false-positive DPOAE refer results. Data
from the Mimosa Acoustics website and from Hunter et al. (2010).

Overall DPOAE result Reflectance at 2.0 kHz Interpretation

Pass In the pass area Pass—normal result

Pass
Above the pass area ( i.e., in the ambiguous or
retest area)

Pass—may have middle ear issues,
cochlear response normal

Refer In the pass area
Refer—consistent with SNHL, requires
follow-up

Refer
Above the pass area (i.e., in the ambiguous or
retest areas)

Rescreening is suggested; repeat MEPA to
determine status of the middle ear

Table 1. How to interpet distortion product OAEs and reflectance results in newborns (from http://
www.mimosaacoustics.com).
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4. Auditory Steady-State Responses (ASSR)

OAE and ABR testing procedures are evoked by electrical transient stimuli (clicks, filtered
clicks, etc.), and as a result, the responses are correlated with a few audiometric frequencies,
which correspond to the maximum spectral content of the stimulus (around 2.0 kHz). Con‐
sidering this clinical setup, there are other protocols that could be candidates for a hearing
assessment of neonates, children, and adults. Among those is the electrocochleography (EcoG),
the middle latency (ML) responses, and the most recently reported steady-state responses
(SSR). The first two approaches can be excluded because they require long times either for the
position of an intratympanic electrode or for sampling purposes. The last protocol has shown
a good potential for hearing screening since with an adequate manipulation of the stimulus
modulation frequency, one can record responses or from the auditory cortex (low modulation
frequencies around 40 Hz) or from the brainstem (frequencies around 50–120 Hz) [16–18]. The
basic SSR protocol has evolved into an automated procedure (ASSR) where multiple stimulus
frequencies are used and regression models predict hearing levels at the tested stimuli. The
ASSR protocols have been greatly optimized for lower frequency stimuli such as 500 Hz [19].

In 2002, Conne-Wesson et al. [16] suggested that it could be possible to use an SSR protocol in
a Neonatal Hearing Program, and since the SSR responses were generated by the brainstem
for modulation frequencies >40 Hz, the ASSR could substitute the AABR [20–22]. In the
referenced studies, a good agreement has been reported between the ASSR and the AABR
responses at 2.0 kHz and various significant differences at 0.5, 1.0, and 4.0 kHz. The available
data suggest that the AASR protocols should be developed further to become more independ‐
ent of various clinical factors (related to the tested subject and to the stimuli used) and should
be applied on a large population of subjects so that the results can be easily used clinically.

The important factors affecting the AABR responses (i.e., the ambient noise and the skin-
electrode impedance) interfere also with the ASSR recordings. In 2010, Vivosonic presented a
new family of devices (called amplitrodes) using a novel approach. Each scalp electrode was
connected to a small preamplifier within the electrode assembly. Amplifying the signal in situ
has many advantages, such as the suppression of the ambient noise and the elevation of the
signal-to-noise ratio (S/N). This approach results in clean AABR and ASSR traces. One of the
issues reported since its release, is that the new electrodes require very often a change of the
electrode batteries.

In the context of a neonatal screening, an ASSR screening protocol can focus on discrete
frequency points (i.e., 1.0 and 2.0 kHz or 2.0 and 4.0 kHz), which show relative immunity to
ambient noise, as shown in the neonatal data in Figures 3A and 3B. One of the problems of the
early ASSR devices (Audera by Viasys; Master by Natus) was that the mean hearing threshold
estimates were characterized by large variance. Recent data in the literature and specifically
from the Audix equipment developers (Neuronic) report significant advances both in terms
of software and hardware and a superior performance of a multiple SSR protocol to the
conventional ABR [23, 24].
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frequency points (i.e., 1.0 and 2.0 kHz or 2.0 and 4.0 kHz), which show relative immunity to
ambient noise, as shown in the neonatal data in Figures 3A and 3B. One of the problems of the
early ASSR devices (Audera by Viasys; Master by Natus) was that the mean hearing threshold
estimates were characterized by large variance. Recent data in the literature and specifically
from the Audix equipment developers (Neuronic) report significant advances both in terms
of software and hardware and a superior performance of a multiple SSR protocol to the
conventional ABR [23, 24].
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Figure 3. A) ASSR responses from a non-cooperative infant, using the AUDERA ASSR device (VIASYS). Responses at
500 Hz were not available due to noise caused by myogenic artifacts. The ASSR recording time was 14 min longer that
the AABR test, resulting as 22 min. The large size of the error bars, at 2.0 and 4 kHz, show threshold means at 60 and
55 dB HL, but the variability of the measurements makes the threshold prediction difficult to be considered. (B) ASSR
response from another well-baby infant, using the same ASSR device. The ASSR recording was also significantly lon‐
ger than the AABR response (16 vs. 7 min). The error bars around the threshold average (indicated by an “x”) are small
and the prediction can be considered practical. For example, at 1.0 kHz, the threshold level is shown at 55 dB with a
95% probability that it will be in the interval 35–65 dB HL. The latter estimates are derived from the values of the error
bars.
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Recently, a study by Ciorba et al. [25] presented data on the relationship between ABR, ASSR
estimates, and data from Conditioned Orientation Responses (COR), a technique widely
diffused in the intervention phase of many UNHS programs. The data suggested a very good
relationship between the outcomes of the ASSR and the COR techniques, with the ASSR data
being closer to the ABR estimates. Data from large-scale studies along this direction (i.e.,
comparing ASSR with other protocols) could support this hypothesis and eliminate the use of
ABR and COR in this intervention step.

5. Threshold estimation via DPOAE measurements

From the early nineties, where OAEs were accepted in the clinical practice, the relationship
between hearing threshold and OAE responses received a lot of attention [26–28]. What
previous research suggests is that in cases presenting sensorineural deficits (i.e., excluding
conductive and retrocochlear causes), there is a good agreement between the OAE respond
levels and the hearing threshold. In this context, distortion product OAE (DPOAE) protocols
can provide additional information [26, 29–31]. Input–output (or I/O functions) DPOAE
protocols provide information on the relationship between the evoking stimulus and the signal
compression of the cochlear amplifier. Data supporting this hypothesis are derived from
animal experiments (furosemide intoxication) [32] and clinical human studies from cases
presenting sensorineural deficits [29, 33–34]. When the hearing loss is increased, the slope of
the corresponding DPOAE I/O-functions decreases and reveals a loss of compression in the
cochlear amplifier. Using various setups of the DPOAE I/O stimuli, one can estimate the
cochlear compression, which is related to a specific threshold value [31, 35]. Janssen et al. [36]
used this concept to produce a relationship between DPOAE I/O amplitude values and hearing
threshold. According to their data, “The hearing threshold was found to be increasing within
the early postnatal period (average age: 3 days), predominantly at the higher frequencies, and
to be normalized in a follow-up measurement (after four weeks). However, the slope of the
DPOAE I/O-functions obtained in the first and second measurement was unchanged revealing
normal cochlear compression. Consequently, these findings were interpreted as temporary
conductive hearing losses due to the presence of amniotic fluid and/or Eustachian tube
dysfunction.” The value of cochlear compression changes when the middle ear stimulus
pathway is affected. Therefore, this procedure has the theoretical potential to discriminate
middle from inner ear deficits. Data from the literature have not validated yet this hypothesis.

The research findings from Janssen et al. [36] and Gorga et al. [35] have been commercialized
by Natus in the Cochlea-Scan device [37]. Hearing threshold can be extrapolated up to values
relative to 50 dB HL in the frequency range from 1.5 to 6 kHz. Figure 4 shows a typical hearing
threshold profile and the corresponding Cochlea-Scan-mediated estimation of hearing
threshold. At present, the Cochlea-Scan device offers a platform for a third-generation OAE
testing (TEOAEs and DPOAEs), I/O DPOAE estimation with hearing threshold extrapolation.

Further analyses [38, 39] on the efficacy of the Cochlea-Scan DPOAE algorithm, relating
hearing threshold data and Cochlea-Scan estimated thresholds from a group of adult sensor‐
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ineural cases, suggested a different scenario than the one proposed initially by Janssen et al.
[36]. In the Hatzopoulos et al. [39] study, behavioral and Cochlea-Scan data were analyzed
with logistic regression models in order to find the probability (≤0.9) of a robust DPOAE
response at 2.0, 3.0, and 4.0 kHz. The data suggested that the maximum behavioral levels where
valid DPOAEs could be detected were equal to of 32.8, 21, and 34 dB, respectively. For normal
hearing adults, the detection levels were lower. Figures 5 and 6 depict the relationship between
behavioral data (at 2.0, 3.0, and 4.0 kHz) and Cochlea-Scan estimates from the cases presenting
hearing loss. For example, in Figure 5 and for 2.0 kHz, a probability of 90% Cochlea-Scan
response detection corresponds to a threshold approximately of 15 dB HL. In this context, it
is still possible to have a detection threshold as high as 50 dB HL. The corresponding proba‐
bility falls below 30% and, as such, limits the usefulness of the Cochlea-Scan protocol

Figure 4. Cochlea-Scan data in comparison to behavioral threshold levels, from an adult subject. Top panel: Cochlea-
Scan responses and threshold estimation from the right ear; middle panel: behavioral data; bottom panel: Cochlea-Scan
responses and threshold estimation from the left ear. The Cochlea-Scan panels report the estimated threshold values
per frequency. The acronym “NA” means that at the specific frequency no threshold estimation was possible.
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Figure 5. Logistic regression model for normal hearing threshold Cochlea-Scan data at 2.0 and 3.0 kHz. The equation
relating the two variables (c = Cochlea-Scan; p = behavioral threshold) is shown at the top of each graph. The x axis
shows behavioral threshold in dB HL and the y axis the probability of a Cochlea-Scan response. For a fixed response
probability of 90%, the detectable threshold level is approximately 15 and 20 dB HL, for the data at 2.0 and 3.0 kHz.
This implies that in order to obtain a Cochlea-Scan response for a 50-dB HL hearing threshold, the probability of find‐
ing a true response drops to 40% and 10%, respectively (for 2.0 and 3.0 kHz).

Update On Hearing Loss178



Figure 5. Logistic regression model for normal hearing threshold Cochlea-Scan data at 2.0 and 3.0 kHz. The equation
relating the two variables (c = Cochlea-Scan; p = behavioral threshold) is shown at the top of each graph. The x axis
shows behavioral threshold in dB HL and the y axis the probability of a Cochlea-Scan response. For a fixed response
probability of 90%, the detectable threshold level is approximately 15 and 20 dB HL, for the data at 2.0 and 3.0 kHz.
This implies that in order to obtain a Cochlea-Scan response for a 50-dB HL hearing threshold, the probability of find‐
ing a true response drops to 40% and 10%, respectively (for 2.0 and 3.0 kHz).

Update On Hearing Loss178

Figure 6. Logistic regression model for normal hearing threshold Cochlea-Scan data at 4.0 kHz. The equation relating
the two variables (c = Cochlea-Scan; p = behavioral threshold) is shown at the top of each graph. The x axis shows
behavioral threshold in dB HL and the y axis the probability of a Cochlea-Scan response. For a fixed response probabil‐
ity of 90%, the detectable threshold level is approximately 35 dB HL. For a 50-dB HL threshold, the probability of a
true response drops to 15%. The relationship between the behavioral and the Cochlea-Scan data at 4.0 kHz is opti‐
mized, but the sensitivity of the method drops very quickly as we move to higher thresholds 35 dB HL.

The authors at this point in time could not verify if Natus has intentions of developing further
this product. Cochlea-Scan threshold estimation could be greatly improved by introducing
changes in the device’s algorithms related to (i) the sample size, which was used to calibrate
the prototype device. Sampling a larger population can minimize the variance of the average
DPOAE amplitude per tested frequency (ii) by inserting correction factors in the algorithm,
which extrapolates DPOAE amplitudes to hearing levels. Janssen et al. [36] have used a linear
regression model to achieve this, but higher-order models (quadratic, cubic) can offer higher
precision in the threshold estimation.

6. Integration of multiple hearing assessment protocols into an automated
device

The success of the NHS screening practices challenged another area of pediatric audiology,
the area of schoolchildren screening. Data from large-scale screening programs, as in Poland,
suggested that in this area different protocols could be applied than in UNHS programs, with
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emphasis on pure tone behavioral responses, tympanometry, and ABR [40]. The OAEs were
found the less effective tool in the battery of screening tests, suffering mainly from the ambient
noise present in schools.

Recently, the fifth-generation OAE equipment appeared in the market. A number of OAE
manufacturers (Natus, Path Medical solutions) proposed handheld devices capable of testing
subjects with OAEs/AOAEs, AABR, and ASSR. A tympanometry assessment has not appeared
so far due to complications in the probe of the device (canal pressurization issues). Mimosa
Acoustics offers wide-reflectance measurements (which can substitute acoustic immittance)
and OAEs but not evoked potentials.

The proposal from Path Medical Solutions (model: Sentiero—advanced) is a device capable
not only of AOAE/AABR/ASSR protocols but also of protocols for speech Audiometry. The
device is depicted in Figure 7. Such a device can be easily implemented in both phases
(identification and intervention) of a UNHS program, and it is hoped that other manufacturers
will follow this protocol-integration trend.

Figure 7. The Sentiero Advanced device (data from the website of Path medical solutions http://www.pathme.de).

7. Conclusions

During the last 10–15 years, significant advances have been made toward the integration of
various protocols and technologies in UNHS strategies. The most important contribution is in
the area of auditory steady-state responses, which has been shown to be well correlated with
other metrics in audiology such as the AABR, ABR, OAEs, and COR. The current technological
trends call for an integration of even more protocols and algorithms in a handheld device. The
clinical robustness and response quality of these new entries is yet to be evaluated.
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8. Appendix

The reader interested in additional information than the one presented might visit the OAE
Portal (http://www.otoemissions.org) and the OAE Portal Forum.

Author details

Stavros Hatzopoulos1, Henryk Skarzynski2 and Piotr H Skarzynski2,3,4

1 Department of Audiology and ENT, University of Ferrara, Italy

2 Institute of Physiology and Pathology of Hearing, Warsaw, Poland

3 Heart Failure and Cardiac Rehabilitation Department of the Medical University of War‐
saw, Poland

4 Institute of Sensory Organs, Kajetany, Poland

References

[1] Kemp DT. Stimulated acoustic emissions from within the human auditory system. J
Acoust Soc Am. 1978:1386–91.

[2] Robinette M and Glattke T editors. Otoacoustic Emissions: Clinical Applications.
New York: Thieme; 1997.

[3] Ciorba A, Hatzopoulos S, Camurri L, Negossi L, Rossi M, Cosso D, and Martini A.
Neonatal newborn hearing screening: four years of experience at the Ferrara Univer‐
sity Hospital (cheap project). Acta Otorhinolaryngol Ital, 2007;27:10–16.

[4] White KR, Vohr BR, Meyer S, Widen JE, Johnson JL, Gravel JS, James M, Kennalley T,
Maxon AB, Spivak L, Sullivan-Mahoney M, Weirather Y. A multisite study to exam‐
ine the efficacy of the otoacoustic emission/automated auditory brainstem response
newborn hearing screening protocol: research design and results of the study. Am J
Audiol. 2005;14:186–199.

[5] Kristensen SG, Elberling C. Auditory brainstem responses to level-specific chirps in
normal-hearing adults. J Am Acad Audiol 2012; 23:712–721.

[6] Ferm I, Lighfoot G, Stevens J. Comparison of ABR response amplitude, test time and
estimation of hearing threshold using specific chirp and tone pip stimuli in new‐
borns. Int J Audiol 2013;52:419–423.

Technological Advances in Universal Neonatal Hearing Screening (UNHS)
http://dx.doi.org/10.5772/61178

181



[7] Rodriguez GR, Ramos N, Lewis DR. Comparing auditory brainstem responses to to‐
neburst and narrow band CE-chirp in young infants. Int J Pediatr Otorhinolaryngol
2013;77:1555–1560.

[8] Zirn S, Louza J, Reiman V, Wittlinger N, Hempel JM, Schuster M. Comparison be‐
tween ABR with click and narrow band chirp stimuli in children. Int J Pediatr Oto‐
rhinolaryngol 2014; 78:1352–1355.

[9] Cebulla M, Lurz H, Shehata-Dieler W. Evaluation of waveform, latency and ampli‐
tude values of chirp ABR in newborns. Int J Pediatr Otorhinolaryngol 2014; 78: 762–
768.

[10] Rodriguez GR, Lewis DR. Establishing auditory steady-state response thresholds to
narrow band CE-chirps in full term neonates. Int J Pediatr Ororhinolaryngol
2014;78:238–243.

[11] Stuart A, Cobb KM. Effect of stimulus and number of sweeps on the neonate audito‐
ry brainstem response. Ear Hear 2014;35:585–588.

[12] Aithal S, Aithal V, Kei J, Driscoll C. Conductive hearing loss and middle ear patholo‐
gy in young infants referred through a newborn universal hearing screening pro‐
gram in Australia. J Am Acad Audiol 2012 23: 673–685.

[13] Vos B, Lagasse R, Leveque A. Main outcomes of a newborn hearing screening pro‐
gram in Belgium over six years. Int J Pediatr Otorhinolaryngol 2014 78:1496–1502.

[14] Sanford C, Keefe D, Liu YW, Fitzpatrick D, McCreery R, Lewis D, and Gorga M.
Sound-conduction effects on distortion-product otoacoustic emission screening out‐
comes in newborn infants: test performance of wideband acoustic transfer functions
and 1 kHz tympanometry. Ear Hear 2009;30: 635–652.

[15] Hunter L, Feeney P, Miller JL, Jeng P, and Bohning S. Wideband reflectance in new‐
borns. Normative regions and relationship to hearing-screening results. Ear Hear
2010;31:599–610.

[16] Cone-Wesson B, Dowell R, Tomlin D, Rance G, Ming Wu. The auditory steady state
response. Comparisons with the auditory brainstem response. J Am Acad Audiol
2002; 13: 173–187.

[17] Dimitrijevic A, John S, Roon P, et al. Estimating the audiogram using multiple audi‐
tory steady state responses. J Am Acad Audiol 2002; 13: 205–224.

[18] John MS, Picton TW. Human auditory steady-state responses to amplitude-modulat‐
ed tones: phase and latency measurements. Hear Res 2000; 141: 57–79.

[19] Gorga MP, Neely ST, Hoover BM, Dierking DM, Beauchaine KL, Manning C. Deter‐
mining the upper limits of stimulation for auditory steady-state response measure‐
ments. Ear Hear. 2004;25:302–307.

Update On Hearing Loss182



[7] Rodriguez GR, Ramos N, Lewis DR. Comparing auditory brainstem responses to to‐
neburst and narrow band CE-chirp in young infants. Int J Pediatr Otorhinolaryngol
2013;77:1555–1560.

[8] Zirn S, Louza J, Reiman V, Wittlinger N, Hempel JM, Schuster M. Comparison be‐
tween ABR with click and narrow band chirp stimuli in children. Int J Pediatr Oto‐
rhinolaryngol 2014; 78:1352–1355.

[9] Cebulla M, Lurz H, Shehata-Dieler W. Evaluation of waveform, latency and ampli‐
tude values of chirp ABR in newborns. Int J Pediatr Otorhinolaryngol 2014; 78: 762–
768.

[10] Rodriguez GR, Lewis DR. Establishing auditory steady-state response thresholds to
narrow band CE-chirps in full term neonates. Int J Pediatr Ororhinolaryngol
2014;78:238–243.

[11] Stuart A, Cobb KM. Effect of stimulus and number of sweeps on the neonate audito‐
ry brainstem response. Ear Hear 2014;35:585–588.

[12] Aithal S, Aithal V, Kei J, Driscoll C. Conductive hearing loss and middle ear patholo‐
gy in young infants referred through a newborn universal hearing screening pro‐
gram in Australia. J Am Acad Audiol 2012 23: 673–685.

[13] Vos B, Lagasse R, Leveque A. Main outcomes of a newborn hearing screening pro‐
gram in Belgium over six years. Int J Pediatr Otorhinolaryngol 2014 78:1496–1502.

[14] Sanford C, Keefe D, Liu YW, Fitzpatrick D, McCreery R, Lewis D, and Gorga M.
Sound-conduction effects on distortion-product otoacoustic emission screening out‐
comes in newborn infants: test performance of wideband acoustic transfer functions
and 1 kHz tympanometry. Ear Hear 2009;30: 635–652.

[15] Hunter L, Feeney P, Miller JL, Jeng P, and Bohning S. Wideband reflectance in new‐
borns. Normative regions and relationship to hearing-screening results. Ear Hear
2010;31:599–610.

[16] Cone-Wesson B, Dowell R, Tomlin D, Rance G, Ming Wu. The auditory steady state
response. Comparisons with the auditory brainstem response. J Am Acad Audiol
2002; 13: 173–187.

[17] Dimitrijevic A, John S, Roon P, et al. Estimating the audiogram using multiple audi‐
tory steady state responses. J Am Acad Audiol 2002; 13: 205–224.

[18] John MS, Picton TW. Human auditory steady-state responses to amplitude-modulat‐
ed tones: phase and latency measurements. Hear Res 2000; 141: 57–79.

[19] Gorga MP, Neely ST, Hoover BM, Dierking DM, Beauchaine KL, Manning C. Deter‐
mining the upper limits of stimulation for auditory steady-state response measure‐
ments. Ear Hear. 2004;25:302–307.

Update On Hearing Loss182

[20] Stueve MP, O'Rourke C. Estimation of hearing loss in children: comparison of audi‐
tory steady-state response, auditory brainstem response, and behavioral test meth‐
ods. Am J Audiol. 2003;12:125–136.

[21] Luts H, Desloovere C, Kumar A, Vandermeersch E, Wouters J. Objective assessment
of frequency-specific hearing thresholds in babies. Int J Pediatr Otorhinolaryngol.
2004 68(7):915–926.

[22] Swanepoel D, Hugo R, Roode R. Auditory steady-state responses for children with
severe to profound hearing loss. Arch Otolaryngol Head Neck Surg. 2004;130:531–
535.

[23] MIjares E, Perez Abalo MC, Herrera D, Lage A, Vega M. Comparing statistics for ob‐
jective detection of transient and steady-state evoked responses in newborns. Int J
Audiol 2013;52:44–49.

[24] Perez Abalo MC, Rogriguez E, Sanchez M, Santos E, Torres Fortuny A. New system
for neonatal hearing screening based on auditory steady state responses. J Med Eng
Technol 2013;37:368–374.

[25] Ciorba A, Hatzopoulos S, Petruccelli J, Mazzoli M, Pastore A, Kochanek K, Skarzyn‐
ski P, Wlodarczyk A and Skarzynski H.Identifying congenital hearing impairment:
preliminary results from a comparative study using objective and subjective audio‐
metric protocols. Acta Otorhinolaryngol Ital 2013;33:29–35.

[26] Whitehead ML, McCoy MJ, Lonsbury-Martin BL, Martin GK. Dependence of distor‐
tion-product otoacoustic emissions in primary tone level in normal and impaired
ears. I. Effects of decreasing L2 below L1. J Acoust Soc Am 1995a 97: 2346–2358.

[27] Whitehead ML, Stagner BB, Lonsbury-Martin BL, Martin GK. Effects of ear-canal
standing waves on measurements of distortion-product otoacoustic emissions. J
Acoust Soc Am 1995b 98: 3202–3214

[28] Shera CA, Guinan JJ Jr. Evoked otoacoustic emissions arise by two fundamentally
different mechanisms: a taxonomy for mammalian OAEs. J Acoust Soc Am.
1999;105:782–798.

[29] Janssen T, Kummer P, Arnold W. Growth behavior of the 2f1-f2 distortion product
otoacoustic emission in tinnitus. J Acoust Soc Am 1998;103 (6):3418–3430.

[30] Dorn PA, Konrad-Martin D, Neely ST, Keefe DH, Cyr E, Gorga MP. Distortion prod‐
uct otoacoustic emission input/output functions in normal-hearing and hearing-im‐
paired human ears. J Acoust Soc Am. 2001;110:3119–3131.

[31] Gorga MP, Neely ST, Dierking DM, Dorn PA, Hoover BM, Fitzpatrick DF. Distortion
product otoacoustic emission suppression tuning curves in normal-hearing and hear‐
ing-impaired human ears. J Acoust Soc Am. 2003b;114(1):263–278.

Technological Advances in Universal Neonatal Hearing Screening (UNHS)
http://dx.doi.org/10.5772/61178

183



[32] Mills DM, Rubel ED. Development of the cochlear amplifier. J Acoust Soc Am 1996;
100: 428–441.

[33] Kummer P, Janssen T, Arnold W. The level and growth behavior of the 2f1-f2 distor‐
tion product otoacoustic emission and its relationship to auditory sensitivity in nor‐
mal hearing and cochlear hearing loss. J Acoust Soc Am 1998;103 (6):3431–3444.

[34] Boege P, Janssen T. Pure-tone threshold estimation from extrapolated distortion
product otoacoustic emission I/O-functions in normal and cochlear hearing loss ears.
J Acoust Soc Am 2002 111: 1810–1818.

[35] Gorga MP, Neely ST, Dorn PA, Hoover BM. Further efforts to predict pure-tone
thresholds from distortion product otoacoustic emission input/output functions. J
Acoust Soc Am 2003a;113:3275–3284.

[36] Janssen T, Klein A, Gehr D. Automatische Hörschwellenbestimung bei Neugebore‐
nen mit extrapolierten DPOAE-Wachstumsfunktionen. Eine neue Hörscreening-
Methode. HNO 2003 16 : 125-128

[37] Oswald JA, Janssen T Weighted DPOAE I/O-functions: a tool for automatically as‐
sessing hearing loss in clinical application. Z Med Physik 2003; 13: 93–98.

[38] Hatzopoulos S, Petruccelli J, Ciorba A and Martini A. Optimizing otoacoustic emis‐
sion protocols for a UNHS program. Audiol Neurotol 2009;14(1):7–16.

[39] Hatzopoulos S, Ciorba A, Petruccelli J, Grasso D, Sliwa L, Skarzynski H and Martini
A. Estimation of the Hearing Threshold Using behavioral Audiometry, CochleaScan
and ASSR protocols Int J Audiol 2009;48:625–631.

[40] Sliwa L, Hatzopoulos S, Kochanek K, Piłka A, SenderskiA and Henryk Skarzynski. A
comparison of audiometric and objective methods in hearing screening of school
children. A preliminary study. Int J Pediatr Otorhinolaryngol 2011;75: 483–488.

Update On Hearing Loss184



[32] Mills DM, Rubel ED. Development of the cochlear amplifier. J Acoust Soc Am 1996;
100: 428–441.

[33] Kummer P, Janssen T, Arnold W. The level and growth behavior of the 2f1-f2 distor‐
tion product otoacoustic emission and its relationship to auditory sensitivity in nor‐
mal hearing and cochlear hearing loss. J Acoust Soc Am 1998;103 (6):3431–3444.

[34] Boege P, Janssen T. Pure-tone threshold estimation from extrapolated distortion
product otoacoustic emission I/O-functions in normal and cochlear hearing loss ears.
J Acoust Soc Am 2002 111: 1810–1818.

[35] Gorga MP, Neely ST, Dorn PA, Hoover BM. Further efforts to predict pure-tone
thresholds from distortion product otoacoustic emission input/output functions. J
Acoust Soc Am 2003a;113:3275–3284.

[36] Janssen T, Klein A, Gehr D. Automatische Hörschwellenbestimung bei Neugebore‐
nen mit extrapolierten DPOAE-Wachstumsfunktionen. Eine neue Hörscreening-
Methode. HNO 2003 16 : 125-128

[37] Oswald JA, Janssen T Weighted DPOAE I/O-functions: a tool for automatically as‐
sessing hearing loss in clinical application. Z Med Physik 2003; 13: 93–98.

[38] Hatzopoulos S, Petruccelli J, Ciorba A and Martini A. Optimizing otoacoustic emis‐
sion protocols for a UNHS program. Audiol Neurotol 2009;14(1):7–16.

[39] Hatzopoulos S, Ciorba A, Petruccelli J, Grasso D, Sliwa L, Skarzynski H and Martini
A. Estimation of the Hearing Threshold Using behavioral Audiometry, CochleaScan
and ASSR protocols Int J Audiol 2009;48:625–631.

[40] Sliwa L, Hatzopoulos S, Kochanek K, Piłka A, SenderskiA and Henryk Skarzynski. A
comparison of audiometric and objective methods in hearing screening of school
children. A preliminary study. Int J Pediatr Otorhinolaryngol 2011;75: 483–488.

Update On Hearing Loss184

Section 6

Hearing Loss and Cochlear Implants





Chapter 10

Bilateral Cochlear Implants, Minimizing Auditory
Rehabilitation

Miguel A. Hyppolito and Eduardo T. Massuda

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61228

Abstract

Bilateral cochlear implant has increased in recent years due to benefits such as the lo‐
cation of the sign, decrease in head shadow effect, and binaural summation. The aim
of this chapter is to discuss issues related to the bilateral cochlear implant costs and
benefits and its reflections on auditory rehabilitation, allowing the reader to do a
search and strengthen it scientifically with this issue, giving theoretical foundation to
better guide and advise their patients.

Keywords: Bilateral cochlear implants, rehabilitation, social impact, individual im‐
pact, hearing aids

1. Introduction

Hearing loss has an important impact on people's lives, especially in cases of severe and
profound hearing loss. In developed countries, approximately one to two children per 1,000
have moderate to profound bilateral sensorineural hearing loss. Sensorineural hearing loss can
be classified as hereditary, acquired, or idiopathic, and acquired environmental etiology is
present in approximately 35% [1].

Hearing is an important key to the oral language acquisition and to the world perception.
Children who are not exposed to language stimulation in the first years of life will present a
lag in their auditory and linguistic development. The first years of life are critical for the
greatest neuronal plasticity in the auditory pathway as it is the period of the development of
auditory and language skills. Depending on the auditory external stimulus, the central
auditory nervous system can be changed positively or negatively. In addition, the period of
receipt of hearing linguistic symbols is a prerequisite to form the oral communication [2].

© 2015 The Author(s). Licensee InTech. 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,
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Hearing loss restrict the entry of sounds that will change the auditory development and
consequently the language.

In most cases of sensorineural hearing loss, the first site of lesion is inside the cochlea, with
results in insufficient energy transduction of the acoustic mechanism of neural impulses to the
auditory nerve. In some cases, conventional hearing aids are not enough to restore the hearing;
cochlear implant could be indicated.

2. The role of bilateral cochlear implant and rehabilitation process

The cochlear implant is considered the only high-tech device capable of converting acoustic
signals into electrical stimuli, causing auditory sensation through direct stimulation of the
auditory nerve. It is considered the most effective sensory prosthesis in the history of medicine
(Figure 1).

Figure 1. The cochlear implant system. Internal device implant of various manufacturers.

Cochlear implant results allow listening sensation and access to oral language. Its users can
do speech acquisition and development of auditory and language skills. In humans, variability
in the results is evident. An important detail and worthy of emphasis is the fact that the earlier
the intervention occurs, the better the result reached with the use of the cochlear implant [3].

In the USA, cochlear implants were approved for adults with postlingual (hearing loss after 4
years old) severe to profound hearing loss in 1985 [4], and 10 years later, it was approved for
adults with prelingual deafness (hearing loss before 4 years old) [5].
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Developments in the indication criteria suffer direct interference of the constant technological
development along with the improvement of surgical techniques and training and qualifica‐
tion of interdisciplinary teams.

Children who receive the cochlear implant early, until 2 years old, often present an appropriate
oral language development, which is similar to the child who does not present any deficiency
in the hearing [6, 7].

Based on the current knowledge on patients who received unilateral cochlear implants with
good results, which provide normal hearing to the implanted ear, the majority of these patients
have some difficulties on sound location and sound discrimination abilities in noisy environ‐
ments. When evaluated by the hearing in noise test (HINT), patients are required to use both
ears together (binaural hearing) to repeat sentences. Unilateral cochlear implant users have
greater effort to conversation in noise because binaural hearing ability is essential for com‐
munication in noisy settings and for other aspects of functional hearing, such as sound
localization and recognition of environmental sounds [8].

The benefits of the unilateral cochlear implants are evidenced by several studies in the
literature [9-13].

Studies have shown that children with bilateral cochlear implants have better sensitivity for
the perception of sounds and improvement in the quality of speech [14-16].

Studies comparing the use of bilateral cochlear implants with unilateral cochlear implants
associated with a hearing aid in the other ear on children had shown that the bilateral cochlear
implant brings better educational benefits in terms of academic results. Children who were
implanted before attending the school have a greater propensity to achieve better academic
results and be in regular education than those deployed after reaching school age [15-17].

The studies in the systematic review present that the procedure of bilateral implantation is
relatively recent and that little research on these results is available [18]. The existing studies
on  bilateral  cochlear  implant  have  approached  diversified  topics,  such  as  language,
communication, and quality-of-life measures. Important results pointed out the benefit of
bilateral  implantation  in  children,  among  them,  father-and-son  interaction  and  school
performance [19-22].

The additional benefits provided by the second implant considering costs and additional risks,
such as additional hardware expense, surgical risk, and programming time, need to be
considered [23].

A study that examined the cost utility of postlingual children and adults concluded that quality
of life is likely to be obtained per unit of expenditure deployment with unilateral than bilateral
implantation [24].

For adults, there was no significant change in quality of life with the second CI than with the
first CI. However, these results cannot be extrapolated to children due to the very different
nature of auditory stimulation for prelingually deaf children when we consider the neuro‐
plasticity of the central nervous system and synaptic neuronal remodeling with the binaural
auditory stimulation, which will become important for speech acquisition and language
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development around 5 years old, like normal hearing children reflecting on learning, especially
in the school environment. These studies could be important in determining the benefits of the
second implant to children in school, in the family, and in social environments.

With a unilateral cochlear implant, individuals have some limitations in the ability to perceive
multiple sound entries with segregated independent sources, and this situation reflects a
difficulty in understanding speech in the presence of competitive signals (noise) and to the
location of the sound in the environment. To improve this condition to understand difficulties
in the presence of noise and localization of sound source, thousands of patients have sought
the bilateral cochlear implant [25].

Several studies have demonstrated better performance resulting from the use of the bilateral
cochlear implant to identify sounds within a multispeaker environment [26-28].

The magnitude and the type of advantage of the cochlear implant are not universal. Comparing
the performance of unilateral versus bilateral hearing conditions with cochlear implants, head
shadow effect, squelch effect, and binaural summation are three situations that contribute
significantly to improve speech understanding, especially in environments with noise and
sound location, because the central auditory pathways on the brainstem can differentiate
sound characteristics in seconds, which arrive in each ear as an auditory reflex.

The following three hearing conditions must be defined:

1. Head shadow effect. This is defined as a physical phenomenon and head blocks the arrival
of sound in the hearing ear from different locations, which allows the listener to hear using
the ear with better signal-to-noise ratio (SNR).

2. Binaural redundancy or binaural summation. This is a result of the central auditory
processing of the sound entries on both ears at the same time and is analyzed in the central
auditory pathways of the brainstem. This reflects the ability of the auditory nervous
system to integrate and use bilateral auditory information for better performance than in
a single ear.

3. Squelch effect. This reflects the ability of the auditory brainstem to use bilateral auditory
information when words or speech in noise sources are spatially separated using the ear
with worse signal-to-noise ratio [29].

Bilateral cochlear implant users easily locate sounds, and they are also able to understand
speech in noise. These individuals have a good performance of speech intelligibility and
location, and binaural hearing is being used in such a way to facilitate their performance [30].

There is a critical period for the binaural auditory development for early simultaneous
deployment when the evidences of plasticity of central auditory pathways act as soon as early
bilateral implantation and differences are observed in the electrophysiological studies in
children implanted bilaterally in sequence, even when the second implant was performed in
a time interval shorter than 1 year [31, 32].

Children who received simultaneous bilateral cochlear implant between 5 and 18 months of
age and used cochlear implant for 9 to 12 months achieved a result of auditory and language
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development equal to the listener children with the same chronological age. Therefore,
children with prelingual deafness may develop oral expressive and receptive language within
the normal range if they are implanted early [30].

In adults, both simultaneous and sequential bilateral cochlear implants improve comfort of
listening with additional benefits besides the location of sound because two ears are getting
auditory sensations [33].

For the best rehabilitation and greater opportunity for the development of speech and
language, benefits minimizing the time of bilateral deafness are important, and the sequential
cochlear implant in children will decrease as a result of the increase in the time interval between
the first and the second contralateral implant. In this way, good benefits in word recognition
and sound location begin in the first 12 months after cochlear implants and continue to occur
over time [34].

Therefore, bilateral cochlear implant could be indicated to the following (Table 1):

• Children above 5 and 18 months of age with bilateral severe to profound sensorineural
hearing loss less than 80 dB NA on the better ear, absence of cognitive impairment, and
autism

• Individuals older than 5 years with severe to profound bilateral sensorineural postlingual
hearing loss less than 80 dB NA on the better ear, with linguistic code established, first
cochlear implant surgery performed up to 2 years of age, and interval between the first and
the second implant not exceeding 5 years with no cognitive impairment and autism

• Individuals with severe to profound bilateral sensorineural postlingual hearing loss less
than 80 dB NA on the better ear using cochlear implant in contralateral ear for at least 1 year,
excepted in meningitis

• Individuals with severe to profound bilateral sensorineural hearing loss less than 80 dB NA
in the better ear and blindness.

Age
Hearing loss

level
Bilateral hearing

losses
dB (better ear)

Cognitive
impairment

Speech
acquisition

CI intervals

5-18 months
Severe to
profound

Present <80 Negative Prelingual -

>5 years
Severe to
profound

Present <80 Negative Postlingual <5 years

>18 years
Severe to
profound

Present <80 Negative Postlingual >1 years

All ages
Severe to
profound

Present <80
Negative

blindness*
Pre- or

postlingual
-

* Two-sensory disability.

Table 1. Bilateral cochlear implant indications.
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The best time and age for the CI surgery should be well discussed with the cochlear implant
program team, which will have an early intervention for better hearing conditions in every
way as its goal, providing individual hearing benefits and early social inclusion.

Some papers report that financial issues are not a problem to bilateral cochlear implant.
Although it would benefit all children with deep bilateral sensorineural deafness, children will
not be subject to additional risks with simultaneous CI. Moreover, if the benefit of the second
implant is small, it is not worth the cost, and health systems and doctors will consider the cost-
effectiveness issue [34]. The coverage by insurance providers is growing for bilateral implants.

Some points in the rehabilitation of individuals with bilateral cochlear implant should be
considered in aiming to understand the speech and functional integration of each implant,
resulting in a balanced binaural hearing that requires an effective hearing rehabilitation work.
To all rehabilitation process, it is important to consider that each is an individual user and
there are factors that affect the end result. Creating positive auditory experiences and selecting
appropriate activities for every hearing age and skill are important to each individual. Adults,
parents, and teachers should always have extra batteries available, and the speech therapist
should show the importance of hearing practice through interactions of structured natural
speech and hearing therapy.

The reeducational process involves relearning to listen, interpret, and process the sound
information and speech. This way, the speech therapist should check separately each ear using
the Ling Sounds or auditory discrimination until the user is able to identify when one of the
implants is not working or when the batteries fail, establish specific goals for each ear sepa‐
rately or for binaural hearing based on speech acoustics and auditory development, check if
parents or users understood the goals and reasons for this rehabilitation process, monitor all
the progress and inform the user and the parents of the improvements in auditory skills and
pay special attention to the practice to recommended individual therapy. The expectations in
the following progress are the recognition in closed to open set, the recognition from predict‐
able to unpredictable information, the recognition of familiar to unfamiliar words, the use of
repetition to nonrepetition, the recognition of close to more distant sounds, and the recognition
in quiet to noisy environments.

With the simultaneous CI implantation, users use two implants all the time. However, if a great
discrepancy between the two ears is present, the worse ear is trained at a specific time.

To sequential CI implantation, the last ear implanted should get the maximum benefit from
the bilateral cochlear implant to balance the second hearing competence with the first implant.
The integration of the two ears is important to rehabilitation because together they contribute
to daily hearing [14]. The rehabilitation process in the second implanted ear must be continued
until the score of speech perception of the second implant is next to the first one or achieved
good open set scores on speech recognition in a quiet environment. In some situations, the
second implant will never reach the first [14].

For the guidance of the individual and his or her family as well as the rehabilitation in
sequential CI, it is important that parents and users understand that the initial hearing
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perception of the implanted ear must be on the basic level and not on advanced skills as the
first implant. Moreover, current research indicates that progress is faster with the second than
the first implant, and both implants must be used every day in all environments and with news
and complex information. The therapist must create some situations to demonstrate the benefit
of two implants as in location, noise, or speech tests in different environments. If the child is
under 3 years of age, it is recommended to use both implants all the time. If no perception or
auditory discrimination is observed, hearing practice training with the newer implant or with
the worst result implant is recommended.

Cochlear implant studies have shown that the bilateral cochlear implant indicated at an early
age in children with profound bilateral prelingual deafness, considering the clinical conditions,
etiologies, and surgical conditions of the deployment, has important benefits in overcoming
and legitimating the costs and expenses of children under the same rehabilitation process. It
is expected that these children acquire the same skills as 5-year-old children without deafness.
The early bilateral cochlear implantation is important to the central auditory system plasticity
response to the new electrical stimulation. The input of new auditory information on both ears
is important in understanding speech and specific environmental situations like music, and
several studies have shown the benefits of “head shadow effect” and binaural summation on
bilateral cochlear implant users. Bilateral cochlear implanted individuals have better speech
recognition in noise and sound localization with bilateral cochlear implant compared to a
single implant. The roles of the multidisciplinary team in minimizing risks and optimizing the
benefits of bilateral cochlear implant are important to be involved in indication and rehabili‐
tation for better speech results with no significant risks. Therefore, bilaterally implanted
patients generally report greater satisfaction with their bilateral implants compared with the
unilateral situation. They describe better clarity, greater ease of listening, and better hearing
overall.
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