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Preface

Cochlear implantation for children with congenital deafness is performed world-
wide. The outcome to acquire speech and hearing is epoch-making. Many of those
children can learn in mainstream schools. Meanwhile, there are difficult cases of
children with complicated inner ear malformation and/or cochlear nerve deficiency.
After cochlear implantation, their development of speech and hearing is very slow.
Meanwhile, their development of postural control and motor function such as head
control and independent walking is also delayed. However, knowledge of basic
medicine and data analysis of the outcome of cochlear implant and motor develop-
ment is insufficient so far.

The purpose of this book is to contribute knowledge of basic and clinical medi-
cine in cochlear implantation and related problems for inner ear malformation and
cochlear nerve deficiency.

I thank Ms. Kayoko Sekiguchi for her unlimited contribution in publishing this
book.

Tokyo, Japan Kimitaka Kaga
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Chapter 1
Overview

Kimitaka Kaga

Abstract Classification of inner ear malformation was changed by new study eval-
uation of the temporal bone morphology since the eighteenth century. Historically,
anatomical dissection of temporal bone, X-ray, polytomes, CT, and MRI were clini-
cally used in order. Since introduction of cochlear implant in 1980s, we need more
knowledge of inner ear malformation in basic medicine for safer and successful
cochlear implantation. Cochlear nerve deficiency was defined as the absence or
reduction in caliber of the cochleovestibular nerve (CVN), either more frequency
and related to a smaller size of the internal auditory canal. Abnormalities of the
CVN are described in 43 % of malformed inner ears, but an absent or hypoplastic
nerve can be observed with a cochlear nerve partition. There are urgent problems
whether inner ear malformation or cochlear nerve deficiency can be indicated for
cochlear implantation and acquired speech and hearing in children as the outcome
or not.

Keywords Inner ear malformation ¢ Mondini ¢ Jackler’s classification e
Sennaroglu’s classification ® Cochlear nerve deficiency

Before cochlear implantation, inner ear malformation was classified into Michel
type, Scheibe type, Mondini type, Alexander type, and others. However, after
cochlear implantation, this old classification of inner ear malformation is not insuf-
ficient for diagnosis and choice of an electrode of cochlear implant. In 1987,
Professor Jackler of Stanford University in the USA reported a new classification to
consider cochlear implant [1]. Later in 2002, Professor Sennaroglu of Hacettepe
University in Turkey reported more detailed classification of inner ear malformation
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and cochlear nerve deficiency for cochlear implant [2]. Since introduction of
cochlear implant, it is not rare to encounter various kinds of inner ear malformation
and cochlear nerve deficiency. Because of safe and successful cochlear implanta-
tion, we need more knowledge of basic medicine of inner ear malformation and
cochlear nerve deficiency from views of embryology, surgical skills, and outcome
of speech and hearing in each type. These reasons are the background of this book,
and the purpose is to inform the updated knowledge.

Cochlear nerve deficiency is diagnosed in deaf children by temporal bone CT or
MRI which reveals decrease in number of cochlear or vestibular nerve. It is difficult
to predict outcomes of cochlear implant because it depends on number of cochlear
nerve. Meantime, acquisition of head control and independent walking are marked
by delayed time because of vestibular nerve deficiency. Besides auditory evaluation,
vestibular function study is important because of semicircular canal malformation
or vestibular nerve deficiency complicates frequently and head control and indepen-
dent walking are delayed to acquire. Then, we emphasize that evaluation of vestibu-
lar function is very important as well as evaluation of auditory function in children
with inner ear malformation and cochlear nerve deficiency. This overview describes
the history of inner ear malformation and cochlear nerve deficiency in otology.

1.1 Inner Ear Malformation

1.1.1 The Eighteenth Century: “Dissection of the Temporal
Bone by Mondini (Figs. 1.1 and 1.2)”

Who was the first to describe the inner ear anomaly in the medical history? That is
C. Mondini (1729-1803) in Italy. Professor H. Edamatsu of Toho University of
Medicine in Tokyo investigated and reported Mondini’s article in Latin [3].

In 1791, Mondini wrote the Latin article entitled Anatomica Surdi Nati Sectio
[4]. It became the first report of the dissection of the temporal bone in an 8 year-old
boy with congenital deafness and reported the anatomical findings of the inner ear
anomaly. Mondini’s original paper is a historical one for ontological researchers,
but it has been difficult, indeed rather impossible, to read for a long time. We fortu-
nately had the chance to review the original copy of the paper.

The summary of Mondini’s report described several conditions: there was a large
opening of the vestibular aqueduct, labyrinth fluid was escaping from the enlarged
vestibular aqueduct, and the cochlea consisted of only one and a half turns, among
others. According to his paper, the common cavity is not an inner ear anomaly of the
Mondini type. Currently, recent progress in three-dimensional imaging can detect
and visualize the fine and detailed structure of the inner ear. Therefore, imaging
diagnosis is able to discriminate Mondini anomalies from other types.
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Fig. 1.2 Tllustration of the cochlea by Mondini

In 1904, Alexander described incomplete development of the bony and membra-
nous labyrinth with basal turn only and interscalar septum in the upper turns result-
ing gross distention of the endolymphatic sac [5].

In modern age, Mondini’s anomaly of the inner ear is variously modified and
misinterpreted. However, we should return the Mondini’s original article.
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1.1.2 The Nineteenth Century: “Temporal Bone Histology”

In 1863, Michel reported complete lack of development of the inner ear [6]. Later,
in 1964, Jorgensen et al. [7] and, in 1971, Black et al. [8] described agenesis of the
labyrinth in temporal bone pathology.

In 1892, Scheibe described the malformation limited to the cochlea and saccule
with membranous cochlea-saccular aplasia and normal bony labyrinth [9].

In 1965, Shuknecht et al. suggested the concept of cochlea-saccular degeneration
in congenital deafness [10].

1.1.3 The Twentieth Century: “X-ray and CT of Temporal
Bone”

X-ray polytome and CT scan and MRI developed new classification of inner ear
malformation and cochlear nerve deficiency. Development of cochlear implants has
needed precise anatomical structure of cochlea for insertion of electrodes into
cochlear turns.

In 1987, Jackler et al. proposed congenital malformation of the inner ear: a clas-
sification based on embryogenesis in Table 1.1 and Fig. 1.3 [1]. This classification
was proposed by polytomes or CT scans considering embryogenesis of cochlea and
vestibular end organs.

Table 1.1 Classification of congenital malformation of the inner ear [1]

A. With an absent or malformed cochlea

1. Complete labyrinthine aplasia (Michel deformity): no inner ear development

2. Cochlear aplasia: no cochlea, normal or malformed vestibule and semicircular canals

3. Cochlear hypoplasia: small cochlear bud, normal or malformed vestibule, and semicircular
canals

4. Incomplete partition: small cochlea with incomplete or no interscalar septum, normal or
malformed vestibule, and semicircular canals

5. Common cavity; cochlea and vestibule form a common cavity without internal architecture;
normal or malformed semicircular canals

B. With a normal cochlea

1. Vestibule-lateral semicircular canal dysplasia; enlarged vestibule with a short, dilated
lateral semicircular canal; remaining semicircular canals are normal

2. Enlarged vestibular aqueduct; accompanied by normal semicircular canals, normal or
enlarged vestibule
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Fig. 1.3 Cochlear malformations; these drawings represent a composite of sequential slices
derived from an anteroposterior polytomographic examination [1]

1.1.4 The Twenty-First Century: “High-Resolution CT
and MRI of the Temporal Bone”

Multichannel cochlear implants have been introduced in order to recover hearing in
deaf children and adults in the world since 1980. This hearing technology is epoch-
making in hearing science. Indication of cochlear implant has been extended to
more difficult cases with inner ear malformation or cochlear nerve deficiency.

In 2002, Sennaroglu and Saatci proposed a new classification of cochleovestibu-
lar malformation. This new classification is based on embryogenesis of labyrinth,
vestibular end organs, cochleovestibular nerve, and inner auditory canal and images
of CT scans. Before decision of cochlear implantation, this classification is world-
widely used (Figs. 1.4 and 1.5) [2].

1.2 Cochlear Nerve Deficiency (CND)

Vincenti et al. recognized [11] that Shelton et al. [12] first suggested cochlear nerve
absence as an explanation for the lack of auditory response to electric stimulation in
three children with narrow inner auditory canal (IAC) who underwent cochlear
implantation. Since then, several reports on cochlear implantation in CND have
been published with generally poor results.

Glastonbury et al. [13] defined cochlear nerve “deficiency” as the absence or the
reduction in caliber of the cochleovestibular nerve (CVN), either congenital (more
frequent and related to a smaller size of the IAC) or acquired. They also described
the so-called isolated cochlea, in which the medial opening of the modiolar canal is
absent.

Abnormalities of the CVN are described in 43 % of malformed inner ears [14],
but an absent or hypoplastic nerve can be observed also with a normal cochlear
partition [15] because the embryologic development of the cochlea is independent
of its innervation [16].
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Fig. 1.4 Schematic representation of the normal cochlea and cochlea malformations [2]. (a)
Normal cochlea, midmodiolar section MO modiolus, CA cochlear aperture, B basal turn, M middle
turn, A apical turn, arrowheads = interscalar septa. (b) Normal cochlea, inferior section passing
through the round window niche (RWN). Arrowhead interscalar septum between middle and api-
cal turns. (¢) Cochlear aplasia with normal vestibule. (d) Cochlear aplasia with enlarged vestibule.
(e) Common cavity. (f) Incomplete partition type I (IP-I). (g) Incomplete partition type II (IP-II).
(h) Incomplete partition type III (IP-III). (i) Cochlear hypoplasia, bud type (type I). (j) Cochlear
hypoplasia, cystic cochlea type (type II) (hypoplasia (type II)). (k) Cochlear hypoplasia, with less
than 2 turns (type I1I) (hypoplasia (type III))

Fig. 1.5 Defect at the
lateral end of the internal
auditory canal. Incomplete
partition type I (a) and * *
common cavity (b) (C cc
cochlea, *defect, CC O

common cavity) [2]

Zanetli et al. [17] consider that the classification of CVN dysplasia was proposed
first by Govaerts et al. [18]. This useful and practical classification has three catego-
ries based on the MRI findings:

e Type I: total absence of the CVN

* Type Ila: cochlear nerve branch absent or hypoplastic, vestibular nerve present,
and dysplasia of the cochleovestibular labyrinth

* Type IIb: cochlear nerve branch absent or hypoplastic, vestibular nerve present,
and normal morphology of the cochleovestibular labyrinth
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Colletti et al. [19] reported that the possibility of finding of a person with a mal-
formed or even normal cochlea, agenesia of the cochlear nerve, and normal cochlear
nuclei is not a biologic absurdity. In fact, comparative anatomic and embryologic
studies have shown that the cochlea develops independently of the nerve, and the
nerve has no trophic effects on the nuclei [20].

From a view of development of inner ear and auditory nerve, Colletti et al. [19]
illustrated that the cochlea begins to develop at the third embryonic week with the
appearance of the otic placode, which transforms into the otic vesicle that gives rise
to the sacculus, utriculus, semicircular canals, cochlea, and endolymphatic duct.
When the cochlea is fully developed, the neural epithelium starts to appear at the
ninth week. Neuroblasts of the cochlear ganglion are separated from the otic epithe-
lium and give rise to fibers that grow centrally into the brainstem and peripherally
back into otic epithelium. It was once believed that the development of a normal
cochlea depended on neural innervation. Embryologic studies on explanted chicken
otic vesicles demonstrated that the inner ear development and the differentiation of
the hair cells are locally controlled and do not depend on any neuronal stimulus or
trigger or trophic effect. Conversely, the otic vesicle and the developing cochlea
release a growth factor that is essential for the cytodifferentiation and survival of the
afferent neurons.

These embryologic features may explain both the findings in patients with an
abnormal cochlea or absence of the cochlea and absence of the cochlear nerve and
the findings in patients with a normal cochlea and absence of the cochlear nerve
caused by a disturbance in the production or release of this nerve growth factor.

Outcomes of speech and hearing in patients with cochlear nerve deficiency after
cochlear implants are various. Zanetti et al. [17] reported achieving satisfactory
results by cochlear implantation in type IIb dysplasia of the cochleovestibular
nerves even when the imaging of CVN is doubtful and electrophysiological tests are
disproportionate.

Vincenti et al. [11] reported on auditory performance after cochlear implantation
in children with cochlear nerve deficiency. The outcomes are extremely variable,
but all patients in their eases device benefit in everyday life. In their opinion,
cochlear implantation can be an available option in children with cochlear nerve
deficiency, but careful counseling to the family on possible restricted benefit is
needed.

Finally, it is recommended the illustration of the fundus of the internal auditory
canal by Soudant is very useful anatomically to understand various types of cochlear
nerve deficiency [21] (Fig. 1.6).



Fig. 1.6 Illustration of the
fundus of internal auditory
canal [21]. 1 VII, facial
nerve; 2 facial nerve; 3
VIII, cochlear nerve; 4
VIII, vestibular nerve
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Chapter 2
Embryology of Inner Ear and Its
Malformation

Kimitaka Kaga

Abstract Embryologically, the cochlea and the auditory sensory cells develop
until 24 weeks and are completed at relatively late stage of the fetus compared with
the vestibular organs and vestibular sensory cells.

Neuronal myelination in human brain starts around gestation month 4. The audi-
tory system belongs to older strains in the order of phylogenesis, and both neuronal
myelination and development start late. The role of the auditory sense in the cochlea
is classified into auditory perception and directional hearing in newborns and
infants. In development of the brain, hearing can accelerate speech, language, sound
localization, and selective attention.

Keywords Cochlear » Hearing ® Inner ear malformation ® Auditory system ¢ Sound
localization ¢ Vestibular system

2.1 Anatomical Development of the Cochlea and Auditory
System

The timetable of major events in development of the human inner ear can give us
various clues to understand inner ear malformation and cochlear nerve deficiency
(Table 2.1) [1]. Meanwhile, the relationship between maturation of the central
auditory system and the development has been explained by Flechsig in 1920 [2].
Later, Yakovlev et al. illustrated progression of myelination of the various nervous
systems and the age of its start and completion including the statoacoustic system
in 1967 [3].
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Table. 2.1 Timetable of major events in the human inner ear development [1]

Fetal week Inner ear

3rd Auditory placode; auditory pit

4th Auditory vesicle (otocyst); vestibular-cochlear division

6th Utricle and saccule present; semicircular canal begins

7th One cochlear coil present; sensory cells in utricle and saccule

8th Ductus reuniens present; sensory cells in semicircular canals

11th Two and one-half cochlear coils present; sensory cells in semicircular canals

12th Sensory cells in the cochlea; membranous labyrinth complete; otic capsule
begins to ossify

20th Maturation of the internal ear; internal ear adult size

endolymphatic podterior

semicircular canal
semicircular canal

semicircular canal .
utricle, endolymphatic sac

canal anterior semicircular canal -
semicircular canal semicircular canal
> endolymphatic sac
utricle sacculé
saceule

saccule cochlea duct

—

= utricle

i cochlea, saccule
“cochlea

Fig. 2.1 The development of the human labyrinth

2.1.1 Development of the Cochlea and Myelination
of the Auditory System

Embryologically the cochlea and their sensory cells develop and are completed at a
relatively late stage of fetus compared with the vestibular organ (Fig. 2.1) [4]. The
otocyst separates from the neural crest around gestation week 4, and the endolym-
phatic duct develops around gestation week 5. The membranous labyrinth develops
into nearly the shape and size of the adult around gestation week 12, and the Corti’s
organ is already complete at approximately gestation week 24 (Fig. 2.2). The whole
size of the cochlea completes early at week 24 and does not change later (Fig. 2.3).
In other words, the cochlea of a newborn has been morphologically completed by
this time [1, 5]. This developmental plan in the cochlea suggests that inner ear mal-
formation can be caused by arrest of process of cochlear development at very early
gestation. Therefore, the reasons why there are many kinds of inner ear malforma-
tions must be caused by different times of arrest of fetus development.

Scarpa’s ganglion is located in the modiolus inside the cochlea. This ganglion
markedly increases its size with progression of gestation. Its size at week 39 is four-
fold of that at week 13 [5].
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Fig. 2.2 The development of the Corti’s organ. It is complete at approximately gestation week 24.
(a) week 13, (b) week 17, (c) week 19, (d) week 21, (e) week 24, (f) newborn

2.1.2 Inner Ear Malformation and Arrest of Development
of the Inner Ear

Jackler et al. presented a hypothesis of inner ear malformation from a view of devel-
opment of inner ear in embryogenesis [6]: At the third gestational week, a failure of
development would result in complete labyrinthine aplasia of the Michel type
(Fig. 2.4).
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Fig. 2.3 Size changes of the cochlea in development of gestational weeks. Adult size is measured
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Fig. 2.4 Embryogenesis of cochlear malformation by Jackler et al. [6]

A lack of normal differentiation beyond the fourth-week stage may result in the
persistence of a large cloaca as seen in the common cavity cases: arrested develop-
ment of the cochlear bud at this stage also would result in cochlear aplasia with
preservation of the semicircular canals and vestibule.

A cessation of cochlear development during the sixth week may represent the
various degrees of cochlear hypoplasia.



2 Embryology of Inner Ear and Its Malformation 15

optic

acoustic

o radiation radiation
fetal (43 cm) neonate (54 cm) neonate neonate neonate
4 weeks 7 weeks 4 months

Fig. 2.5 Flechsig’s study on developmental brain and myelination [2]

At the seventh week stage, an arrest of maturation may result in the classical
Mondini’s deformity as a small cochlea with an incomplete intracochlear partition.

Other malformations may result from aberrant rather than arrested development
or a combination of the two. This may account for unusual anomalies, such as extra-
cochlear turns, cochlear duplication, and other such rarities.

In the sixth gestational week, the semicircular canals begin as folded evagina-
tions of membrane from the vestibular appendage. Failure of these epithelial folds
to form would result in complete absence of the involved semicircular canal (SCC).
The superior SCC is the first to form, followed by the posterior (PCC) and then
lateral canal (LCC).

It is interesting to note that many patients had inner ear abnormalities, involving
combinations of the cochlea, semicircular canals, and vestibular aqueduct perhaps
due to a common developmental precursor or to a shared susceptibility to some tera-
togenic agent.

2.1.3 Development of the Central Auditory Pathway

Myelination in human brain starts around gestation month 4, but full-fledged devel-
opment starts after birth and continues through infancy into puberty. However,
myelination does not progress at the same time, and myelination is completed early
or later depending on the strain, following a certain order. The rule applies here, in
principle, that developmentally older strains are completed sooner also in individual
development. Flechsig [2] concluded that the fascicle becomes completely func-
tional after completion of myelination (Fig. 2.5). In fact, function and myelination
are closely related, and myelination tends to be completed sooner in strains with an
earlier start of function.

The central auditory pathway belongs to new strains in the order of phylogenesis,
and both myelination and development start late [7].

The myelination of the auditory system starts after that of the visual system and
completes around 1 year after birth.
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Yakovlev et al. [3] reported in their study of myelination that the duration
required for completion of the myelin sheath differs, as each fiber bundle starts
developing a myelin sheath at a different time. Each fiber bundle follows a predeter-
mined cycle of myelination, which is called the “myelogenetic cycle” (Fig. 2.6). For
instance, myelination of motor nerves has a short cycle (between gestation month 5
and 10), whereas myelination of the sensory nerves starts later and takes longer to
complete (between gestation month 6 and 4 years of age). Myelination of the stato-
acoustic tectum and tegmentum is short-cycled and occurs between gestation month
6 and 9.

In other words, myelination of the brainstem auditory pathway starts during the
prenatal period and is completed by birth. On the other hand, myelination of acous-
tic radiation in the cerebral hemisphere starts after birth and is completed by 3 years
of age. On the other hand, the duration of the cycle of brainstem reticular formation
is longer (1 month to 10 years of age), and that of association area is completed at
20 years of age.

2.1.4 As Developmental Arrest of the Inner Ear, Common
Cavity, and Cochlear Nerve Deficiency May Occur

Among inner ear malformations, common cavity is one of the most severe
abnormalities.
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Common cavity deformity has been reported to occur in 2% of patients with
congenital profound sensorineural hearing loss [8]. In this inner ear malformation,
the cochlea and vestibules form a common cavity, usually lacking an internal archi-
tecture. This deformity is regarded as hypoplasia of the cochleovestibular nerve or
complete aplasia of the cochleovestibular nerve [9]. In embryos of approximately 5
weeks or less, the saccule is demarcated from the remainder of the vesicle: it sends
out a single ventral evagination, the primordium of the cochlear duct. Common cav-
ity deformity most probably results from an arrest in otocyst development during
the fourth gestational week.

In the human early development stage, neuroblasts of the cochlear ganglion sep-
arate from the otic epithelium at approximately the fourth gestational week. The
cochleovestibular nerve (CVN) develops at approximately 9 weeks of gestation
[10]. Sennaroglu et al. reported that a patient with a common cavity, who had a
“common CVN” without branching into the cochlear and vestibular nerves, showed
good benefit from cochlear implantation, but showed nystagmus after cochlear
implantation [11]. This suggests that the cochlear and vestibular nerve fibers must
be present in their cochlear nerve deficiency. However, the function of the inferior
vestibular nerve remains unknown.

2.1.5 Conduction Speed of Nerve Impulse Before and After
Myelination

Finally, it is important to know conductive speed of nerve impulse before and after
completion of myelination. Before myelination, nerve impulse is conducted through
axon, and the conductive speed of nerve impulse is 3—5 km/h. After completion of
myelination, the conductive speed of nerve impulse is 50—400 km/h. This difference
suggests how myelination is important to study brain neuronal network and appear-
ance of each brain function including speech, language, learning, memory, thinking,
and others [12].
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Chapter 3
Embryology of Cochlear Nerve
and Its Deficiency

Irumee Pai

Abstract Most studies on development of the human auditory system and hearing
loss have to date focused on the sensory apparatus, the cochlea. With advancements
in magnetic resonance imaging (MRI), there has recently been increasing interest in
the subject of cochlear nerve deficiency (CND) and dysfunction. Cochlear nerve
deficiency (CND) amongst individuals with congenital sensorineural hearing loss
(SNHL) is not as rare as previously thought, with prevalence as high as 18-21%
reported amongst cochlear implant recipients. Cochlear nerve (CN) morphogenesis
is a complex process involving cell populations from two disparate progenitors of
the otic placode and neural crest cells. In the first trimester, the basic foundation of
the auditory pathway is laid down, with the vestibulocochlear ganglion cells delam-
inating from the otocyst and establishing peripheral and central connections with
the developing cochlea and brainstem, respectively. The second trimester is a period
of proliferation, growth and myelination. As the number of axons is pruned back
closer to the adult level, myelination begins in the intra-cochlear portion of CN and
extends proximally. In the third trimester, further maturation of the neuronal con-
nections in conjunction with paralleled development of the cochlea and brainstem
leads to emergence of foetal responses to auditory stimuli. Based on the currently
available knowledge of the embryological development of CN, various phenotypes
of CND are discussed. It is hoped that better understanding of CN ontogenesis will
not only lead to further refinement of auditory implant candidacy but also open
doors to potential regeneration therapies such as stem cell therapy in the future.

Keywords Embryology * Development ® Cochlear « Nerve ¢ Deficiency

L. Pai (i)
St. Thomas’ Hospital, Westminster Bridge Road, London SE1 7EH, UK
e-mail: Irumee.Pai @gstt.nhs.uk

© Springer Science+Business Media Singapore 2017 19
K. Kaga (ed.), Cochlear Implantation in Children with Inner Ear Malformation

and Cochlear Nerve Deficiency, Modern Otology and Neurotology,

DOI 10.1007/978-981-10-1400-0_3


mailto:Irumee.Pai@gstt.nhs.uk

20 L Pai
3.1 Introduction

Hearing loss is the commonest congenital sensory deficit, affecting approximately
1 in 1000 live births in most developed countries. In certain communities, the inci-
dence may be up to three to four times higher. In the majority of cases of congenital
sensorineural hearing loss (SNHL), the location of malfunction is within the inner
ear. It is therefore not surprising that most studies on development of the human
auditory system have to date focused on the sensory apparatus, the cochlea.

More recently, there has been increasing interest in the subject of cochlear nerve
deficiency and dysfunction. Advancements in magnetic resonance imaging (MRI)
techniques mean that it is now possible to clearly visualise the cochlear nerve (CN)
separate from the facial nerve and the superior and inferior branches of the vestibu-
lar nerve within the lateral portion of the internal auditory meatus. As access to MRI
continues to improve around the world, it has become the imaging modality of
choice in many centres for aetiological investigation of SNHL and as part of cochlear
implant assessment. As a result, abnormalities of the cochlear nerve are coming
under increasing attention, although their clinical implications are not always clear.
Cochlear nerve deficiency (CND) amongst individuals with congenital SNHL is not
as rare as previously thought, with prevalence as high as 18-21 % reported amongst
cochlear implant recipients in recent studies [1-3]. Furthermore, as outcomes of
cochlear implantation improve overall and implant candidacy continues to expand,
there is closer scrutiny of potential prognostic factors, including congenital anoma-
lies of CN as well as those of the inner ear, which may negatively impact on the
implant outcome. Such is particularly the case when there is a significant doubt as
to the presence of a functional connection between the cochlea and the brainstem,
and an auditory brain stem implant may need to be considered as a potentially better
option.

This chapter provides an overview of the current knowledge of the embryologi-
cal development of CN and discusses its clinical relevance.

3.2 Embryology

The vestibulocochlear nerve (VCN), like all peripheral nerves, consists of neurons
and supporting glial cells [4]. Peripheral glial cells include Schwann cells, which
surround and myelinate neuronal axons and neurites, and satellite cells, which sup-
port ganglionic neuronal cell bodies. The glial cell component of VCN arises from
neural crest cell (NCC) progenitors of the embryonic ectoderm [5-7]. It is com-
monly held that the neurons of VCN originate almost exclusively from the otic
placode [7-10]. However, it has recently been suggested that a significant propor-
tion of VCN neurons may be traced back to NCC or another type of migratory
neuroepithelial cells [11]. Throughout all stages of VCN morphogenesis, there is
extensive interaction between the two cell populations from the otic placode and
NCC progenitors, developing very much in tandem [12].
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3.2.1 First Trimester

In the human embryo, the otic placode begins to develop around 3 weeks of gesta-
tion (WQ) as a thickening of the epidermis on either side of the head. It soon invagi-
nates and separates from the surface ectoderm to form a spherical epithelial
structure, referred to as the otic vesicle or otocyst [13—15]. By 4 WG, a group of
cells have delaminated from the otocyst and become stationed between the develop-
ing inner ear and hindbrain. After undergoing cell proliferation and differentiation,
these neuroblasts give rise to the vestibulocochlear ganglion [16—18].

The ganglion cells that will develop into the cochlear division of the nerve proj-
ect back to the developing cochlea and wind around the modiolus, forming the spi-
ral ganglia. The immature neurons begin to establish polarity by extending their
processes in two directions, peripherally towards the inner ear and centrally towards
the brainstem [18, 19]. The central processes, the axons, are the first to reach their
destination, arriving in the brainstem by the fifth to sixth week of foetal develop-
ment. Within the brainstem, all of the auditory centres and pathways are identifiable
by 7-8 WG, with clusters of neurons recognisable as the cochlear nuclei [16]. The
dendritic processes directed peripherally penetrate the undifferentiated, primordial
organ of Corti at 9 WG. By 10-12 WG, they form rounded synaptic terminals, mak-
ing contact with the bases of the developing hair cells [18, 20]. It has been shown
that the migration, growth and survival of the vestibulocochlear ganglion cells are
likely to be dependent on a number of neurotrophic factors, in particular brain-
derived neurotrophic factor and neurotrophin-3, expressed by the otocyst [21-23].

Another event of significant clinical relevance around this stage in development
is the change in the mesenchyme in association with the early sensory apparatus and
neural connections. At 9 WG, the mesenchyme surrounding the otocyst begins to
form a cartilaginous matrix, which eventually ossifies and turns into the otic cap-
sule. This chondrogenesis occurs in synchrony with the development of VCN,
whose presence inhibits cartilage formation at the medial aspect of the otocyst,
eventually leading to the formation of the internal auditory canal (IAC). As with the
early development of the vestibulocochlear ganglion cells, which requires various
neurotrophic factors produced by the otocyst, the induction of chondrogenesis
involves close and reciprocal epithelial-mesenchymal tissue interactions between
the otocyst and periotic mesenchyme [24]. The formation of IAC is completed by 5
months of gestational age, and it has been hypothesised that the calibre of the IAC
is related to the volume of the migrating VCN fibres [25].

3.2.2 Second Trimester

CN undergoes rapid proliferation and maturation during the second trimester.
Around 14 WG, the dendrites extending from the spiral ganglia begin to form syn-
aptic contacts with the inner and outer hair cells of the cochlea. This process of
synaptogenesis has been shown to progress along a base-to-apex gradient [26].
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The mechanisms by which CN ganglion cells differentiate into type I and type 11
ganglion cells, establish their connections with the correct, corresponding hair cell
types and match the tonotopic development of the cochlea are poorly understood.

During this period, CN not only grows in its diameter, increasing almost three-
fold in cross-sectional area between 22 and 28 WG, but also begins to develop a
distinct fascicular arrangement of axons surrounded by increasingly compact con-
nective tissue. Ray et al. observed in their study of the development of the human
foetal nerve that the number of axons continued to increase until 20 WG and subse-
quently reduced to the adult level at 22 WG [27].

One of the most significant events during the mid-gestation period is myelina-
tion, which is crucial for rapid synchronised conduction. Developing Schwann cells
are detected in foetal embryos as early as 12 WG. At 15 WG, clusters of Schwann
cells are seen along the axons in the spiral lamina and modiolus, and by 20-22 WG,
myelination has begun within the spiral lamina fibres, with a well-defined, close
association between the axons and Schwann cells [26-28]. By the 24th week of
foetal development, myelin sheaths can be seen to extend along the nerve up to the
glial junction at the point where the nerve exits from the temporal bone. The proxi-
mal segment of CN beyond this point is supported by oligodendrocytes, but myelin-
ation does not begin until later [28]. One of the interesting findings in the study of
human foetal CN by Ray et el. was the maturational asymmetry between the left and
right sides, with myelination of the right cochlear nerve consistently lagging behind
the left until 38 WG [27]. The clinical implications of this observation have yet to
be elucidated.

3.2.3 Third Trimester

As both the cochlear nerve and the central neural connections continue to mature
functionally as well as structurally, foetal responses to auditory stimuli start to
emerge. Using vibroacoustic stimulation during ultrasound imaging, blink-startle
responses could be observed in some foetuses as early as 24-25 WG, and the
responses were present consistently after 28 WG [29, 30]. Studies in preterm infants
show that auditory brainstem responses (ABRs) can be elicited from around 26
weeks of conceptional age and become more consistent from 29 weeks, although
they require stronger intensity stimuli at slower rates. The ABR thresholds appear
to stabilise approximately at adult values around 35 WG, and the latencies of the
various potential components continue to decrease to term [31-33].

3.2.4 Summary

The foundation of CN morphogenesis is laid down in the first trimester, with the
otocyst giving rise to and sustaining the vestibulocochlear ganglion cells which
migrate and form connections with the early cochlea and brainstem. The second
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trimester is a period of proliferation and maturation. Synaptogenesis begins between
the dendrites of the spiral ganglia and inner and outer hair cells and progresses in a
base-to-apex direction. The number of axons reaches its peak around 20 WG and
then decreases to the adult level at 22 WG. As this pruning process occurs, myelina-
tion begins in the intra-cochlear portion of CN and extends proximally. By early
third trimester, the foetus starts to show physiological responses to vibroacoustic
stimuli, and by 29 WG ABRs can be elicited consistently albeit with stronger and
slower stimuli.

3.3 Cochlear Nerve Deficiency

There are two possible pathophysiological mechanisms that may lead to CND: one
is complete (aplasia) or partial (hypoplasia) failure in development and the other is
post-developmental degeneration. Based on the current understanding of CN mor-
phogenesis, associated factors that may provide some insight include the presence
or absence of concomitant inner ear anomalies and/or IAC malformations.

Individuals with congenital CND are significantly more likely to have other laby-
rinthine anomalies than those without CND [3, 25, 34, 35]. This is not surprising,
given that the otocyst gives rise to the cochlea, vestibule, semi-circular canals and
endolymphatic sac as well as the vestibulocochlear ganglion. It is therefore plausi-
ble that developmental arrest occurring early in the embryonic life would likely lead
to CND associated with other congenital inner ear malformations. As has been
alluded to earlier, migration, growth and survival of vestibulocochlear ganglion
cells require expression of various neurotrophic factors by the otocyst [22, 23, 36],
which could explain the high prevalence of inner ear dysplasia in CND. In contrast,
it appears that the inner ear development is not dependent on neuronal stimulus or
trophic effect [37-39]. It is therefore possible that a disturbance in the trophic effect
the cochlea exerts on CN neurons may lead to CND as an isolated finding in the
presence of a normally developed cochlea [34, 40].

Another potential indicator to be considered is the size of IAC, which is related
to migrating VCN neurons and chondrogenesis in the surrounding mesenchyme.
IAC stenosis accounts for about 12 % of all congenital temporal bone malforma-
tions [19]. Until it became possible to actually visualise CN on MRI, the finding of
IAC stenosis on computed tomography (CT) was thought to indicate VCN aplasia
and therefore considered an absolute contraindication to cochlear implantation [41,
42]. Subsequent studies, however, have demonstrated that a stenotic IAC may con-
tain a hypoplastic CN or functional CN fibres travelling with other nerves within
IAC [1, 34, 43]. Conversely, CND in association with normal calibre IAC has also
been reported [1, 35, 44]; as the development of IAC commences at 9 WG and is
completed by 5 months of gestation, such cases may represent either isolated CN
agenesis (vascular insufficiency, uncontrolled apoptosis regulation) or post-
developmental degeneration of the nerve (perinatal, neurotrophic viral infections) [35].
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A subject that merits discussion in this chapter is auditory neuropathy spectrum
disorder (ANSD). ANSD is a heterogeneous group of conditions characterised by
marked discrepancy between cochlear and neural functions in the auditory system.
The most widely accepted diagnostic criterion is absent or abnormal ABR in asso-
ciation with normal outer hair cell function as evidenced by present cochlear micro-
phonics and/or otoacoustic emissions. It has been estimated that ANSD may account
for up to 10-15 % of newly diagnosed cases of hearing loss in children [45, 46]. The
prevalence of CND in ANSD is reported to be as high as 18-28 %, compared to
6—16 % in children with SNHL not diagnosed as ANSD [35, 47-49]. Conversely,
over 70 % of children with CND have been found to have the audiometric features
of ANSD [35, 50]. Although the lesion responsible for dysynchrony may be within
the inner hair cells (presynaptic) or neural elements (postsynaptic), it appears that,
in some children, the ANSD phenotype may result from an absent or hypoplastic
CN, especially when there are no medical or familial risk factors identified [35].

Finally, it would be prudent to reflect on some of the potential implications of
finding an abnormal CN. The term “cochlear nerve deficiency” is widely used to
refer collectively to aplasia and hypoplasia of the nerve. However, some degree of
caution is required when using this terminology or interpreting outcomes of studies
on the subject. First of all, in the clinical context of profound SNHL, CN aplasia
describes a situation where the nerve is not visualised on MRI and is not a histo-
pathological diagnosis. It does not necessarily mean that there is complete absence
of nerve fibres or function. Even in the absence of a radiologically visible CN, acti-
vation of the primary auditory cortex has been observed on functional MRI [51].
Furthermore, limited benefits from cochlear implantation have been reported in
some cases [43, 52, 53]. It has been hypothesised that, in such circumstances, the
CN fibres may be travelling with the facial or vestibular nerves [34, 50, 51, 53]. Itis
therefore important that any radiological finding should be interpreted in conjunc-
tion with the audiological profile, in particular behavioural responses to auditory
stimuli, and electrophysiological testing if/where appropriate. Second of all, there
are a number of different radiological criteria in use for determining what is consid-
ered to be a hypoplastic CN. It should be borne in mind that all classifications are
based on comparison to a neighbouring nerve, namely, either the facial nerve or one
of the branches of the vestibular nerve, rather than a range of absolute values of the
nerve diameter. Moreover, by definition of these criteria, some individuals with nor-
mal hearing will be deemed to have a hypoplastic nerve radiologically. Third of all,
a number of studies have reported a significant difference between outcomes of
cochlear implantation between aplastic and hypoplastic CN cases [3, 54]. It is there-
fore important that, when discussing the subject of CND and particularly outcomes
of any intervention, diagnostic criteria used are clearly defined and distinction is
made between aplastic (invisible) and hypoplastic (visible but small) CN.
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3.4 Conclusion

CN morphogenesis is a complex process involving cell populations from two dispa-
rate progenitors, developing in tandem and interacting with each other throughout.
It also requires trophic influence and support from the developing cochlea for pro-
liferation, migration and synaptogenesis. With advancements in auditory implanta-
tion and cross-sectional imaging techniques, there is increasing appreciation of the
potential clinical implications and ontogeny of CN. Current research areas of inter-
est include the mechanisms behind determination and delineation of ganglion cell
precursors in the developing otocyst and the formation of synaptic connections with
tonotopically arranged inner and outer hair cells. It is hoped that better understand-
ing of the embryological development of CN will not only lead to further refinement
of auditory implant candidacy but also open doors to regeneration therapies such as
stem cell therapy in the future.
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Chapter 4
Morphology, Development, and Neurotrophic
Regulation of Cochlear Afferent Innervation

Kenji Kondo, Yulian Jin, Makoto Kinoshita, Tatsuya Yamasoba,
and Kimitaka Kaga

Abstract Spiral ganglion neurons (SGNs) are primary sensory neurons of the audi-
tory system that send auditory information encoded by the inner ear to the central
nervous system. The success of cochlear implant therapy is totally dependent on the
status of SGN function. Therefore, information regarding the neurogenesis, sur-
vival, and neurite growth of SGNs is important not only to understand the patho-
physiology of sensorineural hearing loss but also to improve cochlear implant
therapy. SGNs are anatomically and functionally divided into two subtypes, type I
and type II. Type I SGNs connecting inner hair cells contribute to the transmission
of sound information into the central auditory pathway, while type II SGNs con-
necting outer hair cells are involved in active tuning of frequency in the cochlea. In
the developing cochlea, the survival and neurite formation of SGNs are strongly
regulated by neurotrophic factors, especially neurotrophin 3 (NT-3) and brain-
derived neurotrophic factor (BDNF). Also, in the adult cochlea, the loss of hair cells
induces secondary loss of SGNs presumably because of a loss of neurotrophic sup-
port. When the deafened ear is treated with exogenous BDNF or NT3, there is a
significant enhancement of SGN survival and resprouting of neurites. Therefore,
chronic application of neurotrophic factors in the cochlea may improve the efficacy
of cochlear implants.
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4.1 Introduction

Spiral ganglion neurons (SGNs) are primary sensory neurons of the auditory system
that send auditory information encoded by the inner ear to the central nervous sys-
tem. SGNs are bipolar, with a peripheral neurite that forms a synapse with hair cells
in the organ of Corti and a central neurite that projects to the cochlear nucleus of the
medulla. Corresponding to the precise structural organization of the organ of Corti,
the SGNs and their neurites form specific neural circuits along the longitudinal and
radial axis of the cochlea to discriminate acoustic signals.

The majority of sensorineural hearing loss is related primarily to the loss of
cochlear hair cells. When patients have congenital or acquired profound deafness
that cannot be compensated by the use of a hearing aid, they are candidates for
cochlear implantation. The success of cochlear implant therapy is totally dependent
on the status of SGN function. Therefore, information regarding the neurogenesis,
survival, and neurite growth of SGNs is important not only to understand the patho-
physiology of the sensorineural hearing loss but also to improve cochlear implant
therapy.

In this chapter, we focus on the morphology of SGNs and their development dur-
ing embryonic and postnatal periods. We also review recent articles regarding the
regulation of development and survival of SGNs by neurotrophic factors and their
therapeutic potential in cochlear implant therapy. Excellent reviews have recently
been published regarding these topics, and the reader is referred to those for more
comprehensive information [1-5].

4.2 Morphology of SGNs and Their Neural Connection

The cell body of SGNs is housed in Rosenthal’s canal of the cochlea (Fig. 4.1). The
total number of SGNs in each cochlea is approximately 32,000—49,000 in humans
[6-8] and 13,000-20,000 in rats [9, 10]. Their peripheral neurites pass through the
habenula perforata and reach the organ of Corti, which then connect to the inner and
outer hair cells. The central neurites extend through the internal auditory canal and
project into the cochlear nucleus in the medulla.

SGNs are anatomically and functionally divided into two subtypes, type I and
type II. Type I SGNs occupy 90-95 % of all SGNs and have a large cell body, and
their central neurites are thicker than peripheral neurites. The peripheral neurites of
type I SGNs are ensheathed by peripheral-type myelin of Schwann cells. The cen-
tral neurites are ensheathed by Schwann cells and by the central-type myelin of
oligodendrocytes along their proximal (near the cell body of SGN5s) and distal (near
the brainstem) portion, respectively (Fig. 4.2). Type II SGNs comprise 5-10 % of
all SGNs and have a smaller cell body. Their central and peripheral neurites are
approximately the same thickness, and the peripheral neurites are unmyelinated
[11-17]. Type I and IT SGNs can be differentiated by their immunostaining pattern
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Fig. 4.1 Structure of the cochlea. A semi-thin plastic section through the cochlea of a 2-month-old
rat. OC organ of Corti, TM tectorial membrane, SGN spiral ganglion neuron. Scale bar = 0.1 mm
(Adapted from Ref. [119] with permission)

Fig. 4.2 A transmission electron micrograph of SGNs from a 2-month-old rat. SGNs are
ensheathed by Schwann cells. Scale bar =5 pm
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Fig. 4.3 Schematic drawing demonstrating the afferent neural connection in the cochlea.
Peripheral neurites of type I SGNs extend from the modiolus toward the organ of Corti in a radial
fashion, and each makes synaptic contact with a single inner hair cell. Individual inner hair cells
receive multiple projections from type I SGNs. Peripheral neurites of type II SGNs initially extend
toward the organ of Corti in a similar manner as type I SGNs. After passing under the row of IHCs,
each neurite changes direction in a spiral fashion parallel to an OHC row and forms a synapse with
an outer hair cell

for the intermediate filament protein peripherin in mice and rats [18, 19]. The most
important anatomical and functional difference between type I and IT SGNss is the
mode of connection of their peripheral neurites to hair cells (Fig. 4.3). Peripheral
neurites of type I SGNs extend from the modiolus toward the organ of Corti in a
radial fashion, and each of them makes synaptic contact with a single inner hair cell.
Individual inner hair cells receive projections from 10 to 20 processes of type I
SGNss. Peripheral neurites of the type II SGNs initially extend toward the organ of
Corti in a similar manner as type I SGNs. After passing under the row of inner hair
cells, each neurite changes direction in a spiral fashion parallel to an outer hair cell
row and forms synapses on approximately three to ten outer hair cells [20-22]. Type
I SGNs connecting to inner hair cells contribute to the transmission of sound infor-
mation into the central auditory pathway, while type II SGNs that connect to outer
hair cells are involved in active tuning of frequency in the cochlea [23-25].

The central neurites of type I and II SGNs pass through the internal auditory
canal together with the superior vestibular, inferior vestibular, and facial nerves and
reach the medulla, where they branch. The short anterior branches project to the
ventral cochlear nucleus, and the long posterior branches reach to the dorsal cochlear
nucleus [26, 27].
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4.3 Development of SGNs

4.3.1 Neurogenesis

The first morphological sign of inner ear development is ectodermal thickening on
both sides of the hindbrain, called the otic placode. The placode invaginates and
pinches off the surface to become an epithelial vesicle called the otocyst. Otocyst
formation occurs at 4 weeks of gestation in humans [28, 29] and embryonic 9.5 days
in mice [30-32]. The otocyst undergoes complex shape changes, such as outward
extrusion of the duct and epithelial fusion of the cyst wall, and then finally forms a
membranous labyrinth consisting of three semicircular canals, the utricle, the sac-
cule, the endolymphatic duct, and the cochlear duct [28-30, 33-36]. In mice, a cell
group of future cochleovestibular ganglion can be differentiated at embryonic 10.5
days [37]. The origin of SGNs and whether they are derived from the otocyst or
neural crest has long been controversial. An experimental study using chick-quail
transplantation [38], as well as a very recent study to trace neural crest cells using a
reporter gene [37], clarified that they are basically derived from the otocyst. On the
other hand, a recent genetic fate-mapping study reports that SGNs have dual origin
and are derived from the otocyst and neural crest [39].

The final cell division in the mouse spiral ganglion occurs at embryonic days
12-16 in mice [40]. After the final cell division, immature SGNs start differentiat-
ing and begin to extend central and peripheral neurites. Peripheral neurites penetrate
into the organ of Corti at 9 weeks of gestation in humans [41] and embryonic day
11.5 in the mouse [42—44]. The projection of central axons into the cochlear nucleus
is slightly later than the projection of peripheral axons into the organ of Corti [14].

4.3.2 Cell Death in SGNs

Studies in gerbils and rats have revealed that the number of SGNs in embryonic
periods is approximately 20-30 % larger than that in adults. Neuronal number then
decreases within a restricted postnatal time window (first postnatal week in both
gerbils and rats) and becomes almost constant thereafter [45, 46]. Apoptosis of
SGN:ss is upregulated corresponding to this period, suggesting that excessive SGNs
are eliminated by neuronal cell death [47]. This regulation in neuronal number coin-
cides with the postnatal refinement of cochlear afferent innervation [21, 22, 48]. The
current hypothesis explains that SGNs are initially overproduced and that neurons
compete with each other to contact their target (i.e., hair cells). The SGNs that have
achieved the connection to hair cells are selected and survive, while SGNs that fail
to establish a connection undergo apoptosis. Such a selection system is well known
in the development of the nervous system to establish a mature innervation pattern
[49, 50]. As described in Sect. 4.4, neurotrophic factors provided by hair cells
appear to be deeply involved in this process.
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4.3.3 Postnatal Rearrangement of Cochlear Afferent
Innervation

Initial synaptic contact between hair cells and the peripheral neurites of SGNs in the
embryonic period is subsequently remodeled to form their final neural circuit.
Studies in gerbils and mice using axonal tracing and immunohistochemistry for
type II SGN-specific peripherin have revealed that each afferent fiber of SGNs has
contact with both inner and outer hair cells at birth. Most of the type I fibers then
eliminate the contact with outer hair cells and retract to the inner hair cell region,
while a small number of type II afferent fibers extend to form spiral fibers [21, 22].
The widespread arbors of type I fibers between inner hair cells undergo extensive
pruning during this period, and each fiber finally has a synaptic contact with a single
inner hair cell [21]. A study on rat SGNs suggested that a similar remodeling of
afferent fibers begins around postnatal day (P)3—6 [48]. Interestingly, the expression
of the brain-derived neurotrophic factor (BDNF) in the cochlear sensory epithelium,
which disappears in the early postnatal period [48, 51], temporarily reappears at
P6-P7 in hair and supporting cells [48]. In vitro studies have demonstrated that
survival and neurite formation of SGNs in this developmental stage are supported
predominantly by BDNF [52, 53]. Therefore, BDNF may play an important role in
the rearrangement of innervation patterns of SGNs [48].

4.4 Neurotrophic Factors and SGNs

4.4.1 Expression of Neurotrophins and Their Receptors
in the Cochlea

In many developing motor and sensory nervous systems, the establishment of neu-
ral circuits is strongly regulated by target-derived neurotrophic factors through the
control of cell survival/death and neurite extension. The most well-characterized
neurotrophic factors are members of the nerve growth factor (NGF) family of
proteins [54, 55]. Four members of this family have been identified in mammals:
nerve growth factor (NGF), BDNF, neurotrophin-3 (NT-3), and neurotrophin-4/5
(NT-4/5). These molecules exert their effects on neurons through binding to their
high-affinity receptors, members of the Trk family of receptor tyrosine kinases,
TrkA, TrkB, and TrkC [56, 57]. The most well-known effect of neurotrophins is the
enhancement of neuronal survival [54, 58-60], but a number of studies have eluci-
dated multiple roles of these molecules on neuronal development, including the
extension and morphogenesis of neurites [61-69].

In the developing auditory system, in situ hybridization and immunohistochemi-
cal studies revealed that BDNF and NT-3 are expressed in the organ of Corti, the
target for SGNs [48, 51, 70-74]. At the same time, SGNs express their respective
high-affinity neurotrophin receptors, TrkB and TrkC (Fig. 4.4) [59, 71-79].
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Fig. 4.4 Expression of TrkB and TrkC in the rat cochlea. Paraffin sections from a 5-day-old rat
cochlea were immunostained with rabbit polyclonal anti-TrkB (a) and anti-TrkC (b) antibodies.
All SGNs express both TrkB and TrkC (Adapted from Ref. [120] with permission)

Detailed analysis of NT-3 and BDNF expression in mice along the apex-base
axis has demonstrated that there is a gradient of expression within the cochlea for
each neurotrophin during development [76]. In the early embryonic stage (embry-
onic day 12.5), BDNF expression is restricted to the apex of the cochlea, and expres-
sion spreads toward the basal cochlea later in development. In contrast, NT-3
expression is more confined to the middle and basal turn of the cochlea in the early
stages of development, and the expression progresses toward the apex. Expression
of both NT-3 and BDNF extends throughout the cochlea longitudinally by embry-
onic day 16.5 [76], implying that both neurotrophins are available to SGNs that
have already come in contact with hair cells through their neurites. NT-3 is more
strongly expressed than BDNF [51, 71, 76] and is distributed more widely in the
sensory epithelium; both hair cells and supporting cells express NT-3, while BDNF
is more restricted to hair cells during this stage [51, 76]. NT-3 continues to be
expressed in inner hair cells and adjacent supporting cells of the postnatal and adult
cochlea [80], while the expression of BDNF basically disappears in the cochlea
[71,72].

4.4.2 Neurotrophic Support for SGN Survival in Embryonic
Development

Knockout mice null for the NT-3 or TrkC gene show considerably reduced numbers
of SGNs at birth [81-83]. In contrast, BDNF or TrkB mutant mice mainly lose ves-
tibular neurons [82, 83]. BDNF/NT-3 or TrkB/TrkC double homozygous mutants
lose all cochlear and vestibular neurons around birth [83, 84].

More detailed analysis along the apex-base axis of the cochlea revealed that
NT-3 knockout mice show an almost complete loss of innervation in the basal
turns with a more mild decrease in innervation in the middle and apical turns [81].
In contrast, BDNF-deficient mice demonstrate mild loss of SGNs primarily in the



36 K. Kondo et al.

apical turns [85]. These phenotypic differences in knockout mice would be explained
by developmental changes in the expression of NT-3 and BDNF described above.
When SGNs reach the critical period where they require neurotrophic support for
survival, SGNs in NT-3 null mice are only supported by BDNF expressed in the
apical region. Therefore, SGNs at the base of the cochlea die through apoptosis
because of a lack of neurotrophic support. Conversely, in BDNF null mice, SGNs at
this critical period are only supported by NT-3 expressed in the basal region, result-
ing in subsequent neuronal death in the apical region. The replacement of the NT-3-
coding sequence with that of BDNF almost completely rescues the loss of basal turn
SGNs by NT-3 absence [76, 86]. These results suggest that NT-3 and BDNF can be
functionally equivalent for the survival of SGNs prenatally, and the specific pattern
of neuronal loss in the cochlea of NT-3 and BDNF knockout mice is attributed to the
availability of neurotrophic support during the critical period when SGNs need it for
survival [76].

4.4.3 Other Neurotrophic Factors Involved in the Development
of Cochlear Innervation

Recent studies have demonstrated that neurotrophic factors other than neurotroph-
ins, such as glial cell-derived neurotrophic factor (GDNF) and ciliary neurotrophic
factor (CNTF), are also expressed in the auditory system. For example, GDNF is
expressed in the postnatal cochlea, and the expression increases concomitant with
hearing onset [87, 88], suggesting that GDNF may play a role in the adult function
of the cochlea. GDNF promotes survival of SGNs both in vivo [87, 89] and in vitro
[87, 90]. CNTF belongs to the interleukin-6 family of cytokines. The expression of
CNTF is not only in the cochlea but also in the cochlear nucleus [88]. CNTF pro-
motes SGN survival and neuritogenesis in vitro [91-93].

4.4.4 Neurotrophic Factors Promote Survival
and Neuritogenesis of SGNs In Vitro

In vitro studies further support the hypothesis that both NT-3 and BDNF can pro-
mote SGN survival and neuritogenesis [59, 70, 73, 78, 79, 91, 94-98]. These studies
have suggested that among the neurotrophic factors, BDNF shows the strongest
promoting effects of survival and neurite formation on early postnatal SGNs
(Fig. 4.5).

We recently examined the age-dependent changes in responsiveness of SGNs to
NT-3, BDNF, and leukemia inhibitory factor (LIF) using dissociated cultures [53].
Our data suggest that these neurotrophic factors may predominantly support
different ontogenetic events in different developmental stages in the innervation of
the inner ear (Figs. 4.6 and 4.7).
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a b

Fig. 4.5 The effect of BDNF on neuritogenesis in 5-day-old rat SGN explants. The explants were
cultured for 3 days in media either without neurotrophin (a) or supplemented with 10 ng/ml of
BDNF (b) and then fixed and immunostained with anti-NF200 antibody. The number of neurites
sprouting and the length of neurite extension were significantly increased following supplementa-
tion with BDNF. Scale bar = 0.5 mm (Adapted from Ref. [119] with permission)

Mu =

Fig. 4.6 (a) An example of cultured SGNs after 12 h in primary growth media containing serum
and a further 72 h in serum-free maintenance media. Cells were fixed and immunostained with
anti-NF200 antibody. Surviving SGNs were identified as NF200-positive cells. Cultured neurons
either had no neurites (indicated as N) or were monopolar (indicated as Mo; with one neurite ema-
nating from the cell body), bipolar (indicated as B; with two neurites emanating from the cell
body), or multipolar (indicated as Mu; with three or more neurites emanating from the cell body)
morphologies. High-magnification views of N, Mo, B, and Mu SGNs shown in (a) are in (b), (¢),
(d), and (e), respectively. Scale bars = 0.5 mm in (a) and 50 pm in (b—e) (Adapted from Ref. [53]
with permission)

In this analysis, we demonstrated that LIF has a strong effect on neurite exten-
sion of postnatal SGNs (Fig. 4.7). LIF is a member of the interleukin-6 family as
CNTF and has been reported to enhance neurite extension in a variety of other
neuronal types [99, 100]. In particular, recent studies have demonstrated that LIF
mediates the enhanced intrinsic growth status after a conditioning lesion [99, 101],
suggesting that LIF can play a role in the regeneration of injured neurites. Therefore,
our results, together with those in previous reports [92, 93, 97], suggest that the
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Fig. 4.7 The effects of neurotrophic factors on survival and neuritogenesis in 5-day-old rat SGNs
in dissociated cultures. Neurons were cultured for 12 h in serum-containing primary growth media
and for a further 72 h in serum-free maintenance media without any neurotrophic factors (a; C), or
supplemented with 50 ng/ml of NT-3 (b; N), BDNF (c; B), LIF (d; L), a combination of NT-3 and
BDNF (50 ng/ml each; N+B) (e), or a combination of NT-3, BDNF, and LIF (50 ng/ml each; ALL)
(f) and then fixed and immunostained with anti-NF200 antibody. Survival effects of NT-3, BDNF,
LIF, and their combinations compared with untreated control are shown. The length of neurites
appeared to increase following treatment with LIF or ALL factors (arrowheads in d, f). Scale bar
=0.5 mm (Adapted from Ref. [53] with permission)

application of exogenous LIF, alone or together with neurotrophins, may be clini-
cally valuable as a treatment for central axon injury from trauma or surgical removal
of acoustic tumors, as well as for peripheral dendrites to improve the efficacy of
cochlear implants.

4.4.5 Damage of the Organ of Corti and Secondary
Degeneration of SGNs

In the adult inner ear, hair cells (especially inner hair cells) appear to be the major
source of neurotrophic support to SGNs. The loss of hair cells induces secondary
loss of SGNs presumably because of a loss in neurotrophic support [88]. In such
secondary degenerative processes, the peripheral neurites first retract following hair
cell loss, and the degeneration of SGNs occurs in long-term deafness [102]. The
speed of degeneration appears to depend on the species; in deafened rats and guinea
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pigs, SGN death occurs over a few months [103—106], whereas in deafened cats,
SGN death occurs over months to years [107]. In humans, SGNs are capable of
surviving for many years in the absence of hair cells [108, 109]. The reason underly-
ing this interspecies difference is unclear.

4.4.6 Therapeutic Potential of Neurotrophic Factors
in Cochlear Implant Therapy

The degenerative process of SGNs can deteriorate the efficacy of cochlear implants.
Therefore, the development of a therapeutic strategy to prevent the degeneration of
SGN s is needed. When the deafened ear is treated with exogenous BDNF, NT-3, or
other neurotrophic factors, there is a significant enhancement of SGN survival
[110-116]. Therefore, chronic application of NTs in the cochlea may have benefits
in maintaining the efficacy of cochlear implants. It is interesting that despite the
limited endogenous expression of BDNF in the mature adult cochlea, the SGNs
retain the capacity to respond to BDNF for survival. This finding agrees with that of
our in vitro study, in which rat SGNs harvested from postnatal day 20, when almost
all major developmental events for SGNs are complete and hearing function has
matured by this age [16], respond to BDNF for survival [53].

Such exogenous neurotrophic factors not only prevent the cell death of deaffer-
entated SGNs but also promote the regrowth of peripheral processes toward a new
source of neurotrophic factors that act as chemoattractants [110, 113, 114, 117].
Resprouting of the peripheral neurites of SGNs would enable the reduction of stim-
ulation current, thereby diminishing current spread and improving the number of
perceptual channels achieved with cochlear implant electrode arrays. It may also
enable the use of CI electrodes that have a larger number of channels.

To deliver neurotrophic factors into the cochlea, intracochlear administration
using osmotic pumps and viral vectors has been used to provide trophic factors to
the cochlea (for review, see [3, 5]). We recently developed a CI electrode array
coated with a biocompatible 2-methacryloyloxyethyl phosphorylcholine (MPC)
polymer [118], which is expected to ensure safe and reliable insertion and anti-
inflammatory effects. MPC polymers contain extremely hydrophilic phosphoryl-
choline in their side chains, and surfaces covered with an ultrathin (50 nm) MPC
layer have been shown to exhibit good wettability and low friction. MPC polymers
have been applied to several medical devices, such as artificial hip joints, implant-
able blood pumps, cardiovascular stents, oxygenator, and soft contact lenses. One of
the potential advantages of using MPC polymer to coat cochlear implant electrodes
is that MPC polymer can be a reservoir for various factors, including neurotrophic
factors. There is great hope that in the near future, modified MPC polymers that
elute such substances will play a key role in enhancing performance after CI.
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Chapter 5
Genetics of Inner Ear Malformation
and Cochlear Nerve Deficiency

Nobuko Yamamoto, Ayako Kanno, and Tatsuo Matsunaga

Abstract Studies on genetics of inner ear malformation and cochlear nerve defi-
ciency have been successful in several diseases. Here, we described the current
knowledge about the genetics of representative diseases. Among nonsyndromic
hearing losses, we reviewed DFNB4 which is caused by mutations in the SLC26A4
and DFN3 which is caused by mutations in POU3F4. Among syndromic hearing
losses, we reviewed Waardenburg syndrome, branchio-oto-renal (BOR) syndrome,
CHARGE syndrome, Okihiro syndrome, and distal renal tubular acidosis. For chro-
mosomal disorders, trisomy 21 (Down syndrome), trisomy 18, trisomy 13, and
22q11.2 deletion syndrome (DiGeorge syndrome) were reviewed. Although caus-
ative genes are identified for only a part of inner ear malformation and cochlear
nerve deficiency at present, the situation is likely to change rapidly because of the
development of next-generation sequencing technologies. With accumulation of
genotype-phenotype information for these auditory disorders, explanation for the
causes and mechanisms of hearing loss will become more widely available, plan-
ning of medical care will be more effective, and genetic counseling will get more
precise.
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5.1 Introduction

Genetics is one of the important causes of inner ear malformation and cochlear
nerve deficiency. Inner ear malformation has been classified into Mondini dysplasia
(dysplasia of bony and membranous labyrinth), large vestibular aqueduct syndrome
(LVA syndrome), and Scheibe dysplasia (cochleosaccular dysplasia) by a classic
way [1]. Mondini dysplasia may be found as an isolated malformation or in associa-
tion with other symptoms in certain syndromes such as Pendred syndrome, Klippel-
Feil syndrome, and DiGeorge syndrome and in chromosomal anomalies. Both
autosomal dominant and recessive inheritance have been reported for the isolated
form of Mondini dysplasia [2, 3]. LVA syndrome is frequently associated with
Mondini dysplasia and may be found in patients with autosomal recessive nonsyn-
dromic hearing loss (DFNB4) or in association with syndromes such as Pendred
syndrome, branchio-oto-renal syndrome (BOR syndrome), distal renal tubular aci-
dosis, Waardenburg syndrome, CHARGE syndrome, and Down syndrome. Scheibe
dysplasia may occur in isolation or as part of a syndrome including keratitis-
ichthyosis-deafness syndrome and congenital rubella syndrome. Cochlear nerve
deficiency is frequently associated with inner ear malformation, but it may be found
in patients without inner ear malformation. Cochlear nerve deficiency has also been
reported in several syndromes including CHARGE syndrome, VATER
RAPADILINO syndrome, Mobius syndrome, and Okihiro syndrome [4].

Lately, a classification system based on varying stages of inner ear organogenesis
was proposed [5], and, then, another classification system which was also relevant
to the varying stages of inner ear organogenesis was proposed [6, 7] (Fig. 5.1). In
these days, the classification by Sennaroglu is widely used for planning of cochlear
implantation in patients with malformed cochlea. The genetic causes have been
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reported in a part of inner ear malformation classified by these systems, but they
remain unknown in many others. In the following, we describe the current knowl-
edge about the genetics of representative diseases presenting with inner ear malfor-
mation and cochlear nerve deficiency.

5.2 Nonsyndromic Hearing Loss

5.2.1 DFNB4/Pendred Syndrome

DFNB4 is characterized by a congenital severe-to-profound sensorineural hearing
loss (SNHL). The hearing loss is described as bilateral, progressive, and fluctuant.
There are episodes of sudden deterioration as well as vertigo. DFNB4 occurs as a
recessively inherited disorder, genetically homogeneous, and is caused by biallelic
mutations in the SLC26A4 [8]. SLC26A4 encodes a putative transmembrane protein
designated pendrin, which functions as an anion transporter of chloride and iodide
[9]. The SLC26A4 consists of 21 exons and is located on chromosome 7 [10].
Studies in the mouse inner ear have shown that pendrin is expressed in epithelial
cells that participate in regulating the composition of inner ear fluids and plays a
role in development of the inner ear and in maintenance of normal homeostasis [11].
Radiological studies have shown that an enlargement of the endolymphatic sac and
duct in association with a dilated vestibular aqueduct was found in the majority of
cases [12], as well as a Mondini-type hypoplasia of the cochlea [13]. Mondini
cochlea is a shortened cochlea, rudimentary modiolus, missing interscalar septum,
and partial agenesis of the organ of Corti and cochlear neurons [14]. Association of
symptoms such as goiter and a partial defect in iodide organification which devel-
ops in early puberty or adulthood is defined as Pendred syndrome.

5.2.2 DFN3

DFN3 is characterized by a mixed conductive-sensorineural moderate-to-profound
hearing loss and occurrence of a perilymph gusher upon attempted fenestration of
the stapes. DFN3 accounts for about half of all cases of X-linked hearing loss. The
sensorineural hearing loss may be progressive, and the conductive component of
hearing loss is characterized by an air-bone gap in the lower frequencies, often with
preservation of the stapedial reflex [15]. The causative gene for DFN3 is POU3F4
[16] which encodes a transcription factor POU3F4. POU3F4 belongs to the POU
domain family and includes two functional domains, a POU-specific domain and a
homeodomain [17]. POU3F4 is expressed in the mesenchymal cells surrounding
the otic vesicle during development [18]. The endocochlear potential was decreased
in mutant mice [19], which is thought to be the cause of hearing loss. Radiological
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studies typically demonstrate dilatation of the internal auditory canal (IAC), often
with deficiency of the bone between the IAC and the basal turn of the cochlea [15,
20]. Moreover, deficiency of the bone between the IAC and the vestibule, enlarge-
ment of the vestibular aqueduct, the absence of cochlear bony modioli, enlarged
labyrinthine facial nerve canals, and dilated singular nerve canals [21] have been
suggested. Sennaroglu et al. proposed a new classification for this type of inner ear
malformation, namely, incomplete partition type III [7].

5.3 Syndromic Hearing Loss

5.3.1 Waardenburg Syndrome

Waardenburg syndrome was reported to occur in 1 in 42,000 of the population or
1.43 % of the congenitally deaf [22]. The characteristic features were (1) dystopia
canthorum (lateral displacement of the medial canthi and lacrimal puncta), (2) broad
nasal root, (3) confluence of the medial portions of the eyebrows, (4) partial or total
heterochromia iridis, (5) circumscribed albinism of the frontal head hair (white fore-
lock), and (6) sensorineural hearing loss (bilateral or unilateral). Waardenburg syn-
drome has been divided into four types, depending on the phenotype and presence
of additional features. Types I and II are distinguished from each other by the pres-
ence of dystopia canthorum (type I) or by its absence (type II). Type III is character-
ized by the presence of limb defects and is also referred to as Klein-Waardenburg
syndrome. Type IV accompanies Hirschsprung disease, which is known as the Shah-
Waardenburg syndrome. Types I and II are more common. Waardenburg syndrome
is genetically heterogeneous, with mutations reported in a number of different genes,
which generally encode for transcription factors. These particular transcription fac-
tors appear to be critically involved in the differentiation, migration, and function of
melanocytes. Melanocytes are widely distributed within the cochlea and vestibular
sense organs. The types I and III are caused by mutations in the PAX3 gene, which
maps to 2q35. Inheritance is autosomal dominant [23]. The type II can be due to a
mutation in the MITF gene, which maps to 3p14.1-p12.3, or in the SNAI2 gene,
which maps to 8q11 [24]. Inheritance is autosomal dominant in mutations involving
MITF and autosomal recessive for SNAI2. The type IV can be caused by mutations
in the EDNRB gene [25], the EDN3 gene [26], or the SOX10 gene [27]. The type IV
may be either autosomal recessive or dominant in its inheritance. Recent reports
indicated that the EDNRB, the EDN3, and the SOXI0 gene mutations could be
involved in type II, although they were not a major cause of type II [28].

Recent reports have suggested that the frequency of hearing loss in type I is
58-75 % and in type II, 78-91 % [29-31]. The extents of loss and audiogram shapes
are quite variable, ranging from no measurable clinical loss to severe congenital
unilateral or bilateral sensorineural loss [30, 32]. Bilateral loss is more common.
The hearing loss in type II has been found to be progressive in 70 % [32].
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Abnormalities of the vestibular system are also common and may be seen in indi-
viduals who have normal hearing. Whereas the commonest pathological defect is of
the Scheibe or cochleosaccular type, more major defects affecting the vestibular
apparatus may occasionally be found.

5.3.2 BOR Syndrome

BOR syndrome is characterized by hearing loss, malformations of the external ear,
branchial arch anomalies, and renal abnormalities. A mixed hearing loss is the most
common type and the hearing loss is usually severe but can vary from mild to pro-
found. Age of onset varies from early childhood to young adulthood. It is stable in
majority of patients, although progressive hearing loss and fluctuant hearing loss
have been described [33]. Malformations of the external ear include various types
of abnormalities of the pinnae, stenosis of atresia of the external auditory canals,
and the presence of helical or preauricular pits [34]. Mutations in the EYAI or SIX1
have been identified to be the causative genes of BOR syndrome. EYA[ is the most
frequent causative gene which was first reported by Abdelhak et al. EYA[ is located
on chromosome 8q13.3 and acts as a protein phosphatase and transcriptional coacti-
vator [35]. SIXI is another causative gene located on chromosome 14q23.1 [36].
SIX1 interacts with EYAI in transcriptional regulation and involves in the develop-
ment of the mammalian ear and kidney [37-39]. Radiological studies show a wide
variety of middle ear and inner ear abnormalities including malformations or
absence of the oval window, enlargement of the vestibular aqueduct, and Mondini
anomalies [40].

5.3.3 CHARGE Syndrome

The CHARGE syndrome was described with the diagnosis based on patients having
at least four of the following six abnormalities: (1) coloboma, (2) heart anomalies,
(3) atresia choanae, (4) retarded physical and central nervous system growth, (5)
genital hypoplasia, and (6) ear anomalies with hearing loss. The ear is almost always
affected. Most CHARGE ears are short and wide. The most detailed study [41]
reveals hearing loss in approximately 85 % of patients. Although several studies
documented mixed hearing loss due to ossicular anomalies and/or middle ear effu-
sion, many authors reported predominantly or exclusively sensorineural hearing
loss [42]. The sensorineural component ranged from mild to severe or profound and
was suspected congenital. The majority of patients had sloping sensorineural losses.
Guyot et al. [43] pointed out a specific form of unusual dysplasia of the labyrinth
characterized by severe dysplasia or agenesis of the pars superior (utricle and
canals) and Mondini anomaly of the pars inferior (cochlea and saccule). However,
there appear to be exceptions to this rule.
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Most cases with the CHARGE syndrome are sporadic, but there is evidence of
familial transmission supporting autosomal dominant and autosomal recessive
inheritance. CHD7 mutations occur in 32-64 % of patients with CHARGE syn-
drome features [44]. The most common mutations are nonsense and frameshift, but
missense mutations can also occur. These various mutations cause haploinsuffi-
ciency of CHD7. In general, those with missense mutations tend to have milder and
more variable phenotype than did those with truncating mutations [45]. The CHD7
protein appears to bind mostly to the DNA distal to transcriptional start sites of
specific gene targets, enhancing their transcription either positively or negatively
[46]. Abnormalities in the development, migration, or interaction of the cell of the
neural crest may contribute to the pathogenesis of the CHARGE syndrome [47].
There has also been one report of a child with a clinical diagnosis of CHARGE
syndrome who was found to have a mutation in semaphorin 3E (SEMA3E) [48].

5.3.4 Okihiro Syndrome

In 1977, Okihiro et al. [49] described a family of Duane syndrome (bilateral absence
of adduction with widening on attempted abduction), most of whom had upper limb
malformation and congenital severe sensorineural hearing loss. Inheritance is
clearly autosomal dominant. Pathogenic mutations have been identified in the
human SALL4 gene at 20q13 in affected individuals [50]. Reporting nonsense and
frameshift mutations in five of eight families studied, Kohlhase et al. [50] drew
attention to the clinical overlap with Holt-Oram syndrome, acro-renal-ocular syn-
drome, and cases mistakenly diagnosed as representing thalidomide embryopathy.

5.3.5 Distal Renal Tubular Acidosis (DRTA)

DRTA is characterized by dehydration, growth impairment, metabolic acidosis with
alkaline urine, and hearing loss. Mild-to-profound SNHL, mainly at higher frequen-
cies, is seen in childhood. There are several reports with the progressive hearing loss
[51, 52]. The inherence pattern of DRTA is autosomal recessive, and mutations in
two genes, ATP6VIBI on chromosome 2p13 and ATP6V0A4 on chromosome 7p33-
34, are responsible [53, 54]. ATP6VIBI and ATP6V0A4 code for subunits of vacu-
olar H*-ATPase pump which serves to stabilize pH in both the kidney and inner ear
[55]. Early SNHL occurs in most patients with ATP6V1B1 mutations, whereas late-
onset SNHL is seen with ATP6VOA4 mutations [56]. High-resolution magnetic
resonance imaging (MRI) performed in the patients demonstrated enlarged vestibu-
lar aqueducts, which can be unilateral or bilateral [55, 56].
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5.4 Chromosomal Disorders Associated with Hearing Loss

5.4.1 Trisomy 21 (Down Syndrome)

Down syndrome, with an incidence of 1/600 live births, is the most common chro-
mosome defect in humans. Ninety-five percent of Down syndrome is caused by an
extra copy of a normal chromosome 21, such that the individual has a total of 47
chromosomes with three 21s (47,+21) in all cells. Two percent to four percent of
cases are mosaic for the extra chromosome 21; that is, not all cells have trisomy 21.
This can be the result of either meiotic or mitotic nondisjunction. In &It;5 % of
Down syndrome cases, the additional 21 is caused by the presence of a chromosome
rearrangement that results in the additional 21 being translocated to another chro-
mosome. Most often, this occurs as a Robertsonian translocation, where the short
arm of the 21 is translocated to the short arm of one of the other acrocentric chro-
mosomes. These cases are significant in that the translocation can be inherited from
a phenotypically normal parent, who is a balanced translocation carrier. Since 21 is
the smallest chromosome with the fewest number of genes, the gene dosage imbal-
ance resultant from the extra chromosome is one of the few autosomal trisomies
tolerated during development, although only about 30 % of Down syndrome fetuses
survive to the term [57].

The clinical manifestations are varied and include brachycephaly, upslanting pal-
pebral fissures, epicanthic folds, short neck, flat nasal bridge, abnormalities of the
pinnae, narrow palate, transverse palmar crease, mental retardation, congenital
heart disease, short stature, duodenal atresia or stenosis, and cataracts [34]. The
external ears tend to be small, apparently low set, and slightly posteriorly rotated.
Temporal bones of Down syndrome patients show both middle and inner ear defects.
Cochlear defects include Mondini dysplasia and overall hypoplasia in inner ear
structures, including vestibular malformations and narrowing of the cochlear nerve
canal [58]. Stapes malformations, residual mesenchyme obstructing the round win-
dow, and otitis media account for most middle ear structural abnormalities. Hearing
loss is reported in over 80 % of children with Down syndrome [59]. Hearing loss
can be conductive, sensorineural, or mixed.

5.4.2 Trisomy 18 (Edwards Syndrome)

The incidence is 1 in 5000 births. There is marked preponderance of females (3:1).
Full trisomy 18 is the norm. A handful of mosaic cases have been reported [60].
Half of trisomy 18 newborns die within the first week; 90 % die within the first year
of life [61]. Mosaicism for trisomy 18 may lead to partial expression of the pheno-
type, from mild to almost full expression. Among the constellations of abnormali-
ties are hypoplasia of skeletal muscle; polyhydramnios; prominent occiput; narrow
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palpebral fissures; microstomia and micrognathia; microcephaly; clenched fist with
the index finger overlapping the third and fourth fingers; shortened big toe; defects
of the heart, lungs, and kidneys; hernias; cleft lip and/or palate; choanal atresia;
slanting eyes; microphthalmia; low-set ears; and aural atresia [34]. Ears are low set,
posteriorly rotated, and malformed and can have atresia of the external auditory
canal. Temporal bone studies show abnormalities of the middle and inner ear,
including failed ossification of the malleus, incus, and stapes, and retarded develop-
ment of the cochlea [62]. It is likely that most babies with trisomy 18 are deaf or
severely hearing impaired; however, audiometric analysis has not been reported.

5.4.3 Trisomy 13 (Patau Syndrome)

The incidence of trisomy 13 at birth is about 1 in 12,000. Babies born with trisomy
13 rarely survive more than a few days, and only 5 % survive to 6 months of age
[57]. The majority of trisomy 13 cases are full free-lying trisomies, i.e., 47 chromo-
somes. Robertsonian translocation of a 13 onto another acrocentric chromosome
has also been reported [63]. Among the anomalies are microcephaly and severe
mental retardation, wide sagittal sutures and fontanels, gross anatomic defects of
the brain, myelomeningocele, microphthalmia, iris colobomas, cleft lip and palate,
antimongoloid slant eyes, simian palmar crease, polydactyly, rocker bottom feet,
cardiac defects, low-set ears, and hearing loss [34]. Temporal bone studies show
multiple abnormalities of the cochlea and vestibular systems, including semicircu-
lar canal and utricular, saccular, and macular anomalies; shortened cochlear length;
widened cochlear aqueduct; and abnormalities of the modiolus and defects of the
cochlear and vestibular nerves. Middle ear anomalies were also occasionally pres-
ent [64]. Although hearing ability is often not evaluated because of the combined
clinical and neurological impairments, one report noted at least two cases of docu-
mented hearing loss in mosaic trisomy 13 cases [63].

5.4.4 22ql11.2 Deletion Syndrome (DiGeorge Syndrome)

The incidence of 22q11.2 deletion syndrome is 1 in 4000 [57]. DiGeorge syndrome
is characterized by the agenesis of the thymus and parathyroid glands in association
with other developmental anomalies of the third and fourth pharyngeal clefts, the
cardiovascular and renal systems, and the craniofacial structures [34]. Eighty-five
percent to Ninety percent of 22q11.2 deletion syndrome cases have a common dele-
tion of 3 Mb at 22q11.2. Eight percent to ten percent of cases have a 1.5-2 Mb dele-
tion at the same band [65]. The deletions are the result of chromosome 22-specific
low-copy repeats that cause nonallelic homologous recombination. Studies in mice
and humans have suggested that mutations in the TBX1 gene which maps to the
center of the DiGeorge syndrome chromosomal region on 22ql1.2 may be
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responsible for this phenotype [66]. Deletions at the second DiGeorge syndrome
locus, 10p13, are larger and often seen on routine cytogenetics, but occur 50 times
less frequently than the 22q11.2 deletions [67].

Patients with DiGeorge syndrome can have both external and inner ear defects.
Auricular anomalies, one or more of which may be present in 80 % of cases, include
small, low-set, or rotated ears; cupped or protruding ears; and helical anomalies
[68]. More recent studies find 40 to 65 % of patients with hearing loss of greater
than 25 dB in at least one ear [69, 70]; however, hearing deficits of more than 40 dB
are relatively rare. The vast majority of hearing loss is conductive (70 to 90 %) and
due to chronic otitis media. DiGeorge syndrome patients with a deletion at 10p13
compared to the classical 22q11.1 deletion appear to have a higher percentage of
sensorineural hearing loss (41 % of patients). The hearing loss tends to be bilateral
and progressive, ranging in a loss from 40 dB to profound loss [71]. Temporal bone
studies note a variety of defects in some 22q11.2 deletion syndrome patients, includ-
ing Mondini dysplasia, shortened cochlea, and defects of the outer and middle ear
such as atresia of the external auditory canals and ossicular defects [70].

5.5 Perspective

Since the next-generation sequencing was introduced for the genetic analysis of
hearing loss [72, 73], the discovery of novel deafness genes and genetic diagnosis
of hearing loss have been greatly facilitated. Although causative genes are identified
for only a part of inner ear malformation and cochlear nerve deficiency at present,
the situation is likely to change rapidly. With accumulation of genotype-phenotype
information for these auditory disorders, explanation for the causes and mecha-
nisms of hearing loss will become more widely available, planning of medical care
will be more effective, and genetic counseling will get more precise. Even without
genetic testing, such information would contribute to physicians in understanding
and predicting the causes and clinical characteristics of each type of the anomaly,
which would benefit the medical intervention for patients who do not want genetic
tests or prior to genetic tests.
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Chapter 6
Classification of Inner Ear Malformations

Levent Sennaroglu and Miinir Demir Bajin

Abstract Morphologically congenital sensorineural hearing loss (SNHL) can be
investigated under two categories. Majority of the congenital hearing loss (80 %) are
membranous malformations. Here the pathology involves inner ear hair cells. There
is no gross bony abnormality and, therefore, in these cases, high-resolution comput-
erized tomography (HRCT) and magnetic resonance imaging (MRI) of the temporal
bone revealed normal findings. The remaining 20 % have various malformations
involving the bony labyrinth and, therefore, can be radiologically demonstrated by
CT and MRI. The latter group involves surgical challenges as well as problems in
decision-making. Some cases may be managed by hearing aid; some need cochlear
implantation, while some cases are candidates for an auditory brainstem implanta-
tion. During cochlear implantation, there may be facial nerve abnormalities, cere-
brospinal fluid leakage, electrode misplacement, or difficulty in finding the cochlea
itself. During the surgery for inner ear malformations, the surgeon must be ready to
modify the surgical approach or choose special electrodes for surgery.

Keywords Inner ear malformations ® Cochleovestibular anomalies ¢ Classification
e Surgery

6.1 Introduction

Inner ear malformations (IEM) represent approximately 20 % of congenital hearing
loss cases based on radiology [1]. The majority of these patients have bilateral
severe to profound hearing loss and are candidates for cochlear implantation. Those
cases with severe malformations may require special surgical approaches for
implant placement. Decision-making between cochlear implantation (CI) and audi-
tory brainstem implantation (ABI) may also be challenging in some cases of IEMs.

According to present literature [2—4], IEMs are classified into eight distinct groups.

L. Sennaroglu (><) « M.D. Bajin

Department of Otolaryngology, Medical Faculty, Hacettepe University,
Sthhiye 06100, Ankara, Turkey

e-mail: Isennaroglu@gmail.com

© Springer Science+Business Media Singapore 2017 61
K. Kaga (ed.), Cochlear Implantation in Children with Inner Ear Malformation

and Cochlear Nerve Deficiency, Modern Otology and Neurotology,

DOI 10.1007/978-981-10-1400-0_6


mailto:lsennaroglu@gmail.com

62 L. Sennaroglu and M.D. Bajin

6.1.1 Complete Labyrinthine Aplasia (CLA, Michel Deformity)
6.1.1.1 Definition and Radiology

Labyrinthine aplasia is the absence of the cochlea, vestibule, semicircular canals,
and vestibular and cochlear aqueducts (Figs. 6.1a, 6.1b and 6.1c). The petrous bone
may be hypoplastic, whereas the otic capsule may be hypoplastic or aplastic [5]. In
the majority of patients, the internal auditory canal (IAC) consists only of the facial
canal and the labyrinthine; tympanic and mastoid segments of the facial nerve can
be followed in the temporal bone. In some patients, however, it may not be possible
to observe the facial canal in the temporal bone in spite of normal facial functions.
Ossicles are usually present in the middle ear.

According to radiological findings [4], three different groups of CLA are
present:

CLA with hypoplastic or aplastic petrous bone

In these cases CLA is accompanied by hypoplasia or aplasia of the petrous bone.
The middle ear may be adjacent to the posterior fossa (Fig. 6.1a).

CLA without otic capsule

In this group of CLA, formation of the petrous bone is normal, but the otic capsule
is hypoplastic or aplastic. According to Donaldson [6], the endosteum receives
its vascular supply from the IAC, and the enchondral and outer periosteal layers
get their vascular supply from the middle ear mucosa. This may be due to the
abnormal vascular supply from the IAC and middle ear, resulting in the absence
of all three layers of the otic capsule (Fig. 6.1b).

Fig. 6.1a Complete labyrinthine aplasia with hypoplastic petrous bone
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Fig. 6.1c Complete labyrinthine aplasia with otic capsule

CLA with otic capsule

Formation of the petrous bone and the otic capsule is normal. It can be speculated
that vascular supply from the middle ear is normal as the otic capsule normally
develops. The facial nerve canal can be seen (Fig. 6.1c). Only in this group of
CLA with otic capsule development, the facial canal is in its normal location.
This shows that otic capsule formation is essential for the facial canal to obtain
its normal position.
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6.1.1.2 Audiological Findings

Audiological examination reveals either no response at all or profound sensorineu-
ral hearing loss (SNHL) at 125, 250 and 500 Hz at the upper limits of the audiom-
eter which may be due to vibrotactile sensations.

6.1.1.3 Management

It is not possible to perform cochlear implant (CI) surgery in these children as there
is no inner ear development. Auditory brainstem implantation (ABI) is thus the only
surgical option for hearing habilitation. Although translabyrinthine, retrosigmoid,
and retrolabyrinthine approaches can be used for ABI surgery, the retrosigmoid
approach is preferred in children [7]: the temporal bone is much smaller in children
of 2-3 years of age when compared to that of an adult. As a result, the translabyrin-
thine approach provides a much more limited surgical exposure than the retrosig-
moid approach. In addition, in translabyrinthine approach drilling, the temporal
bone to expose the brainstem requires longer surgical times compared to retrosig-
moid craniotomy. Therefore, retrosigmoid approach is favored for ABI surgery in
children.

6.1.2 Rudimentary Otocyst
6.1.2.1 Definition and Radiology

A rudimentary otocyst consists of incomplete millimetric representations of the otic
capsule (round or ovoid in shape) without an IAC (Fig. 6.2). Sometimes parts of the
semicircular canals may accompany rudimentary otocyst. This pathology represents
an anomaly between a Michel deformity and common cavity. In Michel deformity,
there is no inner ear development, while in common cavity (CC), there is an ovoid
or round cystic space instead of a separate cochlea and vestibule. The CC commu-
nicates with the brainstem via the nerves in the IAC. The rudimentary otocyst is a
few millimeters in size without the formation of an IAC.

The inner ear is in the form of an otocyst (otic vesicle) between the third and
fourth week [4]. The insult probably occurs at the beginning of the formation of the
otocyst and results in rudimentary otocyst deformity.

6.1.2.2 Management

The fact that there is no connection between the otocyst and the brainstem is a con-
traindication to CI surgery. As a result, these patients are candidates for ABIL.
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Fig. 6.2 Rudimentary otocyst

6.1.3 Cochlear Aplasia
6.1.3.1 Definition and Radiology

Cochlear aplasia is the absence of the cochlea. The accompanying vestibular system
may be normal (Fig. 6.3a) or enlarged (Fig. 6.3b) [1]. The labyrinthine segment of
the facial nerve is anteriorly displaced and occupies the normal location of the
cochlea. Cochlear aplasia with a dilated vestibule (CADV) must be differentiated
from common cavity (CC). If the cochleovestibular nerve (CVN) is present, cochlear
implantation can be done in CC. However, CI surgery should not be done in
CADV. In some patients, it may be very difficult to distinguish between these
entities.

Cochlear aplasia with normal labyrinth is almost always symmetrical. The fact
that similar findings are present in different patients suggests genetic etiology. In
CADYV, however, asymmetric development is present; pathology may be genetic or
environmental. Otic capsule development is always normal.

After the development of the otic vesicle at the end of the fourth week, the mem-
branous labyrinth develops in three areas: the cochlea, the vestibule, and the endo-
lymphatic duct [4]. Cochlear aplasia is the absence of the cochlear duct, where
vestibular and endolymphatic structures may develop normally. The time of the
insult must be around the fifth week.
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Fig. 6.3a Cochlear aplasia
with normal vestibular
system

Fig. 6.3b Cochlear aplasia
with dilated vestibular
system

6.1.3.2 Audiological Findings

Typically, these patient will have no response at all or profound hearing loss at low
frequencies. Collectively, these findings in complete labyrinthine aplasia, otocyst
deformity, and cochlear aplasia demonstrate that profound hearing loss at low fre-
quencies is purely a vibrotactile response and should not be interpreted as hearing
in CI candidates with other pathologies.



6 Classification of Inner Ear Malformations 67

6.1.3.3 Management

As there is no inner ear development, ABI is the only feasible surgical option to
provide hearing in children with cochlear aplasia.

6.1.4 Common Cavity
6.1.4.1 Definition and Radiology

A common cavity is defined as a single chamber, ovoid or round in shape, represent-
ing the cochlea and vestibule (Fig. 6.4). Theoretically, this structure has cochlear
and vestibular neural structures. There may be accompanying semicircular canals
(SCC) or their rudimentary parts. The IAC usually enters the cavity at its center.
Cases with vestibular dilatation are occasionally termed as “vestibular common
cavity”’; however, this is not a correct term.

Common cavity (CC) should be differentiated from cochlear aplasia with ves-
tibular dilatation (CAVD) [1]. Cochlear aplasia with vestibular dilatation (CAVD)
(Fig. 6.3b) usually has a vestibule and semicircular canals at their usual location at
the posterolateral part of the [AC fundus. The external outline resembles the normal
labyrinth. The vestibule is at its expected location. The accompanying SCCs may be
enlarged or normal. A common cavity (CC) (Fig. 6.4), on the other hand, is an ovoid
or round structure. SCCs or their rudimentary parts may accompany a common cav-
ity. The IAC usually enters the cavity at its center. The location of a CC may be
anterior or posterior to the normal location of the labyrinth. It is very important to

Fig. 6.4 Common cavity
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differentiate these malformations from each other, because cochlear implantation in
a CC may result in acoustic stimulation, whereas in CAVD, no functional stimula-
tion will occur with CI. In spite of these factors, it may sometimes be difficult to
differentiate between the two malformations.

CC contains cochlear and vestibular neural elements. This represents develop-
ment arrest before there is a clear differentiation into the cochlea and vestibule: it is
in between rudimentary otocyst and cochlear aplasia and usually occurs around the
fourth to fifth week [4].

At the time of insult, the CC is only millimetric in size, as a developed otocyst.
The CC may have small or large dimensions: usually, a CC with a diameter of
1-3 cm is encountered. This shows that its capacity to differentiate into the cochlea
and vestibule may terminate, but it can still enlarge; so a CC larger than an initial
otocyst may be encountered. IAC may be normal or narrow in a large CC. It appears
that there is no relationship of the size of the IAC (length and width) and the size of
the CC.

6.1.4.2 Audiological Findings

These patients can have detectable hearing thresholds only at low frequencies and
at the maximum limits of the audiometer.

6.1.4.3 Management

Cochleovestibular nerve (CVN) should be demonstrated with high-resolution
3-tesla MRI before discussing management options with the family. At the pres-
ent time, there is no test to determine the amount of cochlear fibers in the CVN
[7]. If a behavioral audiometric response or language development is present
with hearing aid use, it can be assumed that a meaningful population of cochlear
fibers exists and the patient may benefit from a CI. The surgical approach is via a
transmastoid labyrinthotomy as described by McElveen [8] with a straight (non-
modiolar-hugging) electrode. This will have a position on the periphery of the
CC with better contact with the neural tissue. A pre-curved electrode will have
the contacts located medially and may not stimulate the periphery of the CC
efficiently.

If the CVN cannot be demonstrated with MRI or there is a very narrow or long
IAC, where the presence of cochlear fibers is questionable, an ABI may be a more
appropriate option from the outset.

As the postoperative hearing cannot be accurately predicted before CI surgery, it
is advisable to counsel the family that contralateral ABI may be necessary in case of
limited language development with CI. This decision should be done as early as
possible.
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6.1.5 Hypoplasia and Incomplete Partitions

In these groups of malformations, there is a clear differentiation into a cochlea and
vestibule.

6.1.5.1 Incomplete Partition of the Cochlea: Definition and Radiology

Incomplete partition anomalies represent a group of cochlear malformations with
normal external dimensions and various internal architecture defects. Incomplete
partitions constitute 41 % of inner ear malformations in the database of Hacettepe
University Department of Otolaryngology. There are three different types of incom-
plete partition groups according to the defect in the modiolus and the interscalar
septa.

6.1.5.2 Types of Incomplete Partition Groups
Incomplete Partition Type I (IP-I)

This type was termed as “cystic cochleovestibular malformation” in 2002 by
Sennaroglu and Saatci [9]. These represent approximately 20 % of inner ear malfor-
mations. In this group, the cochlea lacks the entire modiolus and interscalar septa
(Fig. 6.5a), giving the appearance of an empty cystic structure. IP-I cochlea has
external dimensions (height and length) similar to normal cases [10]. It is accompa-
nied by an enlarged, dilated vestibule (Fig. 6.5b). Vestibular aqueduct enlargement

Fig. 6.5a Incomplete partition type I without modiolus and interscalar septa
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Fig. 6.5b Incomplete partition type I, with grossly dilated vestibule

Fig. 6.5¢ Incomplete partition type II with defective modiolus, minimally dilated vestibule, and a
large vestibular aqueduct

is very rare. There may be a defect between the IAC and the cochlea due to devel-
opmental abnormality of the cochlear aperture and the absence of the modiolus
(Fig. 6.5¢), and CSF may completely fill the cochlea. The cochlea is located in its
usual location in the anterolateral part of the fundus of the IAC.

Recent histopathology study suggests that IP-I may be due to endosteal develop-
ment abnormality as a result of defective vascular supply coming from the TAC [4].

Audiological Findings

The majority of IP-I patients have severe to profound SNHL. They are almost
always candidates for CI.
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During CI surgery gusher is very common which necessitates special precau-
tions. Facial nerve abnormalities can also be seen as a result of abnormal devel-
opment of the labyrinth. This may necessitate modification of the surgical
approach.

As it is possible to have CN aplasia in IP-I, some patients may not be a candi-
date for CI surgery. Therefore, an ABI is indicated in IP-I patients with aplastic
CN. Four patients with IP-I and an aplastic CN have received ABI in our
department.

Recurrent meningitis can occur in IP-I patients even prior to their CI surgery or in
their nonoperated ear. High CSF pressure filling the cochlea disrupts an often thin
stapes footplate, leading to a CSF fistula at the oval window and meningitis. Several
cases of this have been reported in the literature [11-14]. Spontaneous CSF fistula
and recurrent meningitis can be seen although less frequently in cochlear hypoplasia
type II. This is because both IP-I and CH-II have endosteal developmental anomaly
leading to defective footplate development. If CSF fills the cochlea with high pres-
sure, it may lead to a fistula. If the cochleostomy is not properly sealed, this may also
lead to a CSF fistula with recurrent meningitis. It is interesting to note that IP-III cases
almost always have a high-volume CSF gusher during CI surgery, but meningitis is
very rarely reported in these patients [11, 14]. This is most likely due to the fact that
the stapes footplate is normally developed because in IP-III pathology is in the outer
two layers of the otic capsule and endosteum is normal. Therefore, a defect in the
footplate is very unlikely.

All patients with IP-I and recurrent meningitis who have normal tympanic mem-
branes but fluid filling the middle ear and mastoid should have an exploration of the
middle ear with special attention to the stapes footplate.

Incomplete Partition Type II (IP-II)

In IP-II, the apical part of the modiolus is defective (Fig. 6.5d). This anomaly was
originally described by Carlo Mondini and together with a minimally dilated vesti-
bule and a large vestibular aqueduct (LVA) (Fig. 6.5d) constitutes the triad of the
Mondini deformity. It is very important to use this particular name only if the above
mentioned triad of malformations is present [1, 9, 11, 15]. The apical part of the
modiolus and the corresponding interscalar septa are defective. This gives the apex
of the cochlea a cystic appearance due to the confluence of middle and apical turns.
The external dimensions of the cochlea (height and diameter) are similar to that
seen in normal cases [10]. Therefore, it is not correct to define this anomaly as a
cochlea with 1.5 turns [10]. This description should only be used for cochlear
hypoplasia.

The recent study on histopathology demonstrated that modiolar defects may be
due to high CSF pressure transmission into the inner ear as a result of LVA [4]. An
enlarged endolymphatic sac and duct appears to be the only genetic abnormality
that is causing the other abnormalities allowing high CSF pressure to be transmitted
into the inner ear. This results in a mild dilatation in the walls of the vestibule.



72 L. Sennaroglu and M.D. Bajin

Fig. 6.5d Incomplete partition type II with defective modiolus, minimally dilated vestibule, and a
large vestibular aqueduct

However, no hydropic changes were observed in the endolymphatic space.
Depending on the severity and timing of the insult, the pathology may stay at this
stage and cause LVA only, or with the transmission of CSF pressure into the cochlea,
it may cause a spectrum of anomalies ranging from scala vestibuli dilatation and
scala communis, superior (cystic apex) to partial, subtotal, and in some cases com-
plete modiolar defects. The high pressure in the SV causes bulging of the ISS
upward. This is a constant finding in all cases, showing that cochlear pathology may
be the result of high pressure in the SV and that it happened during the developmen-
tal phase, otherwise high pressure would have caused fracture of the osseous spiral
lamina. If there is higher pressure, it is natural to expect more destruction at the
upper and, possibly, the lower part of the modiolus. This is the reason for the CSF
oozing and gusher sometimes observed during CI surgery.

Audiological Findings

These patients do not have a characteristic hearing level, as their audiometric thresh-
old testing varies from normal to profound. The hearing loss can be symmetric or
asymmetric, but it is usually progressive. It is also possible to have sudden SNHL. In
addition, there is an air-bone gap particularly present at low frequencies.
Tympanometry is normal in the absence of otitis media and acoustic reflexes are
generally present. Air-bone gap in these children is likely to be due to a “third-
window” effect from the LVA and can resemble the audiometric findings in superior
canal dehiscence syndrome.

Management

At a young age, these patients may have near normal hearing and usually do not
require amplification initially. With progressive hearing loss, they become candi-
dates for hearing aid. Usually the progression in hearing loss continues, ultimately
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Fig. 6.5¢ Incomplete partition type III with interscalar septa but absent modiolus

creating a need for CI at some point in the future. High-pulsating CSF pressure may
be responsible for the progression of hearing loss. A role for head trauma has been
suggested, and these patients are advised to avoid trauma by wearing helmets when
playing sports and avoiding contact sports completely.

During surgery, a facial recess approach was successfully used in all 67 patients
who underwent CI surgery at Hacettepe University. As the cochlea and labyrinth
have normal dimensions, facial nerve abnormality is very rare, and standard
approach can be used in all patients.

Out of 67 patients operated on in our department, 32 patients had no CSF leak-
age, 29 patients had CSF oozing, and 6 patients had gusher. Even though there was
no CSF leakage, all patients demonstrated strong pulsation at the time of cochleos-
tomy. This finding may be used to explain the progressive nature of the hearing loss.

Gusher is more common in IP-I or IP-III, but it may occur in IP-II as well. This
observation indicates the presence of a modiolar defect. An LVA cannot explain
CSF leakage. The cochleostomy should be closed completely to avoid the risk of
recurrent meningitis. As the basal part of the modiolus is normal, all kinds of elec-
trodes (modiolar hugging, straight) can be used. Because of the risk of CSF leakage
and sometimes severe gusher, electrodes with cork-type stopper may be advanta-
geous. The surgeon must be prepared to use the measures to manage the CSF gusher.

Incomplete Partition Type III (IP-III)
The cochlea in IP-III has interscalar septa, but the modiolus is completely absent

(Fig. 6.5¢). IP-III cochlear malformation is the type of anomaly present in X-linked
deafness, which was described by Nance et al. [16] for the first time in 1971. Phelps
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et al. [17] described the HRCT findings associated with this condition for the first
time, and this characteristic deformity was included under the category of incom-
plete partition deformities for the first time by Sennaroglu et al. in 2006 [18].

This anomaly is the rarest form of incomplete partition cases. IP-III constitutes
2% of the IEMs in the database in Hacettepe University Department of
Otolaryngology.

In an IP-III cochlea otic capsule around the membranous labyrinth is thinner when
compared to that in a normal cochlea. HRCT demonstrates that in IP-III, the otic
capsule around the cochlea is thin and follows the outline of the membranous laby-
rinth as if it is formed by a thick endosteal layer. Instead of the usual three layers,
probably the second and third layers are either absent or very thin. The innermost
endosteal layer appears to be thickened without enchondral and outer periosteal
layers.

Radiology

Phelps et al. [17] reported that there is a bulbous IAC, incomplete separation of the
coils of the cochlea from the IAC, and widened first and second parts of the intra-
temporal facial nerve canal with a less acute angle between them. Talbot and Wilson
[19] later added that the modiolus is absent and there is a more medial origin of the
vestibular aqueduct with varying degrees of dilatation.

In addition, Sennaroglu et al. [20] reported that in this deformity, the interscalar
septa are present, but the modiolus is completely absent (Fig. 6.5¢). The cochlea is
located directly at the lateral end of the internal auditory canal instead of its usual
anterolateral position. This gives the cochlea a characteristic appearance. From an
earlier study, the external dimensions of the cochlea (height and diameter) were
found to be similar to the normal cochlea [18]; therefore, it is appropriate to include
IP-IIT under the incomplete partition anomalies. In addition, the labyrinthine seg-
ment of the facial nerve is located almost above the cochlea [21]. The labyrinthine
segment of the facial nerve is the most superior structure in the temporal bone. The
thin otic capsule around the cochlea and labyrinth, consisting of only thick endos-
teal layer, may be responsible for this. The tympanic and mastoid segments appear
to be in normal position.

Audiological Findings

In IP-III there may be mixed-type HL or profound SNHL. Conductive component
may be due to thin otic capsule. Stapes surgery should be avoided in this group. It
may lead to gusher and further SNHL. They have excellent cochlear nerves.
Therefore, ABI is not indicated in this group of incomplete partitions.

Management

Mixed hearing loss gives the impression of stapedial fixation. Stapedotomy results
in severe gusher and further SNHL and, thus, should be avoided. Patients with
severe HL are candidates for CI.
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Because of the absent modiolus in IP-III, two serious problems may occur during
CI surgery:

Gusher: Severe gusher always occurs due to the large defect between the cochlea
and the IAC. If it is not properly sealed, the postoperative CSF leakage may lead
to recurrent meningitis.

Electrode misplacement into the IAC: Because of the defective modiolus, electrodes
with complete rings or contact surface on both sides may provide better stimula-
tion. Modiolar-hugging electrodes have a tendency to go toward the center of the
cochlea. As there is no modiolus in IP-III, this may result in misplacement into
the IAC. The probability of the longer electrodes entering the IAC is more than
the shorter electrodes. Therefore, an electrode with full rings or contact surfaces
on both sides that will make only one turn around the cochlea appears to be
sufficient.

If a modiolar-hugging electrode is used and postoperative x-ray demonstrates
that the electrode is inside of the TAC, the facial and cochlear nerves may be dam-
aged during electrode removal. Thus, straight electrodes that are 25 mm in length
and provide one full turn around the cochlea are preferable.

Position of the electrode should be checked by an intraoperative x-ray. If the
electrode is discovered to be in the IAC, it should be repositioned during surgery.

As mentioned above, spontaneous CSF leakage through the oval window is more
frequently seen and reported in IP-I, even though both IP-I and IP-III are associated
with high-volume CSF leakage on cochleostomy. This is most probably due to foot-
plate defect as a result of endosteal developmental anomaly in IP-I. In IP-III endos-
teum is normally developed with thinner otic capsule due to defective outer layers.
Therefore, spontaneous CSF leakage is very rare in IP-III.

6.1.6 Hypoplasia and Incomplete Partitions

In these groups of malformations, there is a clear differentiation between a cochlea
and vestibule.

6.1.6.1 Cochlear Hypoplasia: Radiology and Definition

In this deformity, there is clear differentiation between the cochlea and vestibule.
Cochlear hypoplasia represents a group of cochlear malformations with external
dimensions less than those of a normal cochlea with various internal architecture
deformities. In smaller cochlea, it is usually difficult to count the number of turns
with CT and/or MRI. But the definition “cochlea with 1.5 turns” should be used for
hypoplasia (particularly type III), rather than for IP-II cochlea. Four different types
of cochlear hypoplasia have been defined.
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6.1.6.2 Types of Cochlear Hypoplasia
Type I (Bud-Like Cochlea)
The cochlea is like a small bud, round or ovoid in shape, arising from the IAC

(Fig. 6.6a). Internal architecture is severely deformed; modiolus and interscalar
septa cannot be identified.

Type II (Cystic Hypoplastic Cochlea)

The cochlea has smaller dimensions with defective modiolus and interscalar septa,
but with normal external outline (Fig. 6.6b). There may be complete absence of
modiolus creating a wide connection with the IAC, making gusher and

Fig. 6.6b Hypoplasia type II (cystic hypoplastic cochlea)
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Fig. 6.6c Hypoplasia type III (cochlea with less than two turns)

misplacement of CI electrode into IAC possible. The vestibular aqueduct may be
enlarged and the vestibule may be dilated.

Type III (Cochlea with Less Than Two Turns)

The cochlea has fewer turns (i.e., less than two turns) with a short modiolus. The
overall length of the interscalar septa is reduced. The internal (modiolus, interscalar
septa) and external outlines are similar to that of a normal cochlea, but the dimen-
sions are smaller and number of turns are fewer (Fig. 6.6¢). The vestibule and the
semicircular canals are usually hypoplastic. The cochlear aperture may be hypo-
plastic or aplastic.

Type IV (Cochlea with Hypoplastic Middle and Apical Turns)

The cochlea has a normal basal turn, but middle and apical turns are severely hypo-
plastic and located anterior and medially rather than in their normal central position
(Figs. 6.6d and 6.6e). The labyrinthine segment of the facial nerve is usually located
anterior to the cochlea rather than in its normal location.

Most probably developmental arrest of membranous labyrinth in CH-III occurs
between 6 and 8 weeks, resulting in a cochlea whose dimensions are smaller than
normal, with normal internal architecture. In CH-IV arrest in the membranous
labyrinth must be between 10 and 20th week, after the basal turn reaches full size,
but before the middle and apical turns enlarge to their normal dimensions.

In CH-I and CH-II, there is arrested development of the internal architecture
in addition to a small-sized cochlea. In CH-I cochlear duct length must have
stopped earlier than normal. Defective modiolar and endosteal development is
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Fig. 6.6e Hypoplasia type IV (cochlea with hypoplastic middle and apical turns)

most probably due to defective vascular supply from the IAC. The main cochlear
artery must be defective, resulting in defective endosteal development with an
absent modiolus and ISS.

CH-II is better developed than CH-I. The outline of CH-II resembles that of a
normal cochlea. It is round or ovoid with a partial modiolar defect. The modiolar
base is normal, showing that only the internal radiating arteriole from the main
cochlear artery may be defective, while the cochlear ramus of the vestibulocochlear
artery supplies the base of the modiolus.
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Management

Decision-making in patients with cochlear hypoplasia may be challenging. They
may present with a range of different thresholds on audiometric testing. Decision-
making about the amplification options may be difficult, particularly in patients with
a hypoplastic cochlear nerve. Patients with mild to moderate hearing loss can be
habilitated with hearing aids and have near normal to normal language development.
The majority of cochlear hypoplasia patients have severe to profound hearing loss
where a CI would be a reasonable option, if they have a cochlear nerve. During sur-
gery, facial nerve malposition is to be expected due to associated semicircular abnor-
malities (particularly lateral semicircular canal). If hypoplastic cochlea is small, the
promontory may not have the usual protuberance, and it may be difficult to identify
promontory and round window through the facial recess. In these situations, an addi-
tional transcanal approach may be necessary to expose the hypoplastic cochlea. The
thinner and shorter electrodes should be used in order to obtain full insertion.

Some patients have cochlear aperture aplasia with cochlear nerve aplasia, and
thus an ABI would be the best hearing habilitative option. Other patients with
cochlear hypoplasia have hypoplastic cochlear nerves. The best option in these cases
is to perform CI in the side with better cochlear nerve. If there is limited hearing and
language development, an ABI should be considered for the contralateral side.

Some cases of hypoplasia (particularly hypoplasia type IV) may have pure con-
ductive or mixed hearing loss in which the conductive component is due to stapedial
fixation. They may benefit from stapedotomy. This can be done in childhood and
can result in better oral language development with or without hearing aid usage
depending on the bone conduction levels.

6.1.7 Large Vestibular Aqueduct (LVA)

This describes the presence of an enlarged vestibular aqueduct (i.e., the midpoint
between posterior labyrinth and operculum is larger than 1.5 mm) in the presence of
a normal cochlea, vestibule, and semicircular canals.

Audiological presentation and management is similar to that of IP-II.

6.1.8 Cochlear Aperture Abnormalities
6.1.8.1 Definition and Radiology

The cochlear aperture (CA), cochlear fossette, or cochlear nerve canal transmits the
cochlear nerve from the cochlea to IAC. This can be visualized in the mid-modiolar
view as well as coronal sections on HRCT (Fig. 6.7a).

The cochlear aperture is considered hypoplastic (Fig. 6.7b) if the width is less
than 1.4 mm [22]. The CA is considered to be aplastic when the canal is completely
replaced by bone or there is no canal on the mid-modiolar view (Fig. 6.7¢).
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Fig. 6.7a Normal cochlear aperture

Fig. 6.7b Cochlear aperture stenosis

Fig. 6.7¢ Cochlear aperture aplasia
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Fig. 6.8d Hypoplastic cochleovestibular nerve (vertical arrow) and normal cochleovestibular
nerve (horizontal arrow)

CA aplasia is typically accompanied by cochlear nerve aplasia. CN may be
hypoplastic (Fig. 6.7d) or aplastic when CA is hypoplastic. CA hypoplasia and apla-
sia can also be observed in a normal cochlea.

CA abnormalities may be accompanied by a narrow IAC on HRCT. The IAC is
considered narrow if the width of the midpoint of the IAC is smaller than 2.5 mm
(Fig. 6.8d). Narrow TAC can accompany other malformations or with a normal
cochlea. In cases of narrow IAC, MRI should be obtained to demonstrate if CN is
normal, aplastic, or hypoplastic. Axial and sagittal oblique high T2-weighted
images (i.e., CISS, FIESTA, etc.) are necessary for this purpose. On sagittal
oblique MR sections, four distinct nerves can be visualized in the IAC (Fig. 6.8e).
In CN aplasia, no nerve can be identified in the anterior inferior part of the IAC
(Fig. 6.8f).

6.1.8.2 Audiological Findings

Severe to profound SNHL is usually present. As the cochlea is normal, otoacoustic
emissions (OAE) may be present, and the child may pass newborn hearing screening
if automated ABR is not obtained. Their hearing loss is typically discovered later on
in childhood based on the family’s concerns of lack of sound awareness and lan-
guage development. If the newborn screening protocol involves OAE and automated
ABR, this malformation can be diagnosed during infancy. Diagnostic audiological
evaluation will reveal profound hearing loss.
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6.1.8.3 Management

Hearing aids usually do not provide sufficient amplification in patients with CA
hypoplasia and aplasia. In patients with bilateral hypoplastic CA with hypoplastic
cochlear nerve, hearing aid trial is necessary. If this does not provide adequate func-
tional hearing, these patients usually become candidates for CI. The family should
be counseled that if CI does not provide sufficient hearing in terms of auditory
perception, contralateral ABI may be necessary to achieve improved audiologic and
language outcomes.
In CA aplasia, ABI is indicated as first-line therapy.

6.2 Cochlear Nerve Abnormalities

The classification of cochleovestibular nerve is also important in the management
of IEMs.

6.2.1 Normal Cochlear Nerve (CN)

It is important to trace the CN until it enters the cochlea on lower axial sections
passing through the IAC (Fig. 6.8a). On parasagittal sections, there is a separate CN
located in the anterior inferior part of the IAC, entering the cochlea (Fig. 6.8b). The
size of the cochlear nerve is similar in size when compared with the CN on the con-
tralateral normal side. According to Casselman et al. [23] on parasagittal view, the
size of the CN is larger than the ipsilateral FN.

Fig. 6.8a Normal cochlear nerve, axial view
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Fig. 6.8b Normal cochlear nerve, parasagittal view

3

Fig. 6.8c Normal cochlear nerve on the right (black arrow) and hypoplastic cochlear nerve on the
left (white arrow)

6.2.2 Hypoplastic CN

There is a separate CN, but the size is less than the contralateral normal CN or ipsi-
lateral normal facial nerve (Fig. 6.8c).
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6.2.3 Absent CN

There is no nerve in the anteroinferior part of the IAC. This is definitely present in
cochlear aplasia. It can also be seen in cochlear aperture hypoplasia and aplasia.

6.2.4 Normal CVN

Normally cochlear and vestibular nerves originate at the brainstem together forming
the CVN. CVN then separates into CN and superior and inferior vestibular nerves
in the IAC. In cases of common cavity, CVN enters the cavity without separating
into individual nerves. With radiological precision at the present time, it is impos-
sible to determine the cochlear fiber content in the CVN, but if the size is 1.5-2
times as much as the ipsilateral FN or similar to contralateral normal CVN, it can be
accepted as normal (Fig. 6.8d).

6.2.5 Hypoplastic CVN

If CVN is smaller than contralateral CVN or ipsilateral FN, it can be accepted as
hypoplastic (Fig. 6.8d). CVN hypoplasia is particularly important in CC.

6.2.6 Absent CVN

In case of Michel deformity with absent IAC, CVN is also absent. Only FN can be
identified.
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Chapter 7

Outcome of Cochlear Implantation

in Children with Cochlear Nerve Deficiency
and/or Inner Ear Malformations

Lee-Suk Kim and Sung Wook Jeong

Abstract Cochlear implantation is a standard treatment for children with severe-
to-profound sensorineural hearing loss. Since the introduction of CI more than 30
years ago, considerable progress has been made, and the eligibility criteria have
been expanded repeatedly. However, children with inner ear malformations (IEMs)
and/or cochlear nerve deficiency (CND) are still regarded as difficult candidates
because the inner ear is the site in which cochlear implant electrodes are positioned
and the cochlear nerve is the target of electrical stimulation by the cochlear implant.

This review article, which presents the outcomes of CI performed in children
with CND and/or IEMs, shows that they can be favorable candidates for CI. In chil-
dren with CND, meticulous assessment of the status of the cochlear nerve using
high-resolution magnetic resonance imaging and electrical auditory brainstem
response can help to identify the optimal candidates for CI and to decide whether to
proceed with auditory brainstem implant. If a child with IEM is young and has a
competent eighth cranial nerve, a favorable speech perception outcome of CI can be
expected.

Keywords Cochlear implant ¢ Child ¢ Inner ear malformation ¢ Cochlear nerve
deficiency

7.1 Introduction

Cochlear implantation (CI) is a standard treatment for children with severe-to-
profound sensorineural hearing loss (SNHL) who receive limited benefit from a
hearing aid. The minimum requirements for CI are a patent cochlear lumen for
electrode placement and the presence of cochlear nerve fibers to propagate the
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auditory signals to the auditory cortex [1]. Therefore, it is of the utmost importance
to examine the structure of the cochlear nerve and inner ear prior to performing
CI. On some occasions, however, imaging studies allow the detection of cochlear
nerve deficiency (CND) and inner ear malformations (IEMs) during evaluation of
candidates for CI. These conditions can be associated with a malformed cochlear
lumen, decreased spiral ganglion cell survival, and abnormal tonotopic organization
and therefore may impact adversely on speech perception abilities after CI [2, 3].
Furthermore, they increase the risk of surgical complications including cerebrospi-
nal fluid (CSF) gusher, electrode misinsertion into the internal auditory canal (IAC),
and facial nerve injury [4-9]. Programming of the speech processor can be difficult
because of a narrow electrical dynamic range and facial stimulation [10]. For these
reasons, meticulous assessment of the structure of the cochlear nerve and inner ear
is required prior to the decision to perform CI. This short article reviews the out-
comes of CI performed in children with CND and/or IEMs.

7.2 Cochlear Implantation in Children with CND

7.2.1 Introduction to CND

In the early days of performing CI, the main imaging modality for CI candidates
was temporal bone computed tomography (TBCT), which focused on assessing the
condition of the inner ear, including labyrinthine ossification or congenital malfor-
mation, and the experience with magnetic resonance imaging (MRI) was limited
[11, 12]. With the improvement of MRI resolution, four nerves in the IAC, the
cochlear nerve, facial nerve, and superior and inferior vestibular nerves, can be
clearly identified, and CND has been identified as an important cause of congenital
SNHL [13].

Most children with CND have severe-to-profound hearing loss that presents as
either SNHL or auditory neuropathy spectrum disorder (ANSD) [14, 15]. CND may
be present in up to 18 % of children with SNHL [14] and in 30 % of those with
ANSD [15]. A higher incidence of CND has been reported in children with IEMs [1,
3], stenosis of the IAC or cochlear nerve canal (CNC) [16, 17], and ANSD [15, 18].
A study including 59 children with IEMs showed that 19.6 % of them had CND and
that the severe forms of IEMs such as common cavity and cochlear aplasia were
associated with a much higher incidence of CND [1]. Stenosis of the CNC or IAC
is also a strong indicator of CND [16, 17, 19]. A study including 54 ears with CND
showed that 36 (66.7 %) had CNC stenosis (<1.5 mm) and 25 (46.3 %) had TAC
stenosis (<3.0 mm) [16]. In another study including 42 ears with SNHL, none of the
32 ears with normal CNC had CND but 8 of 10 ears with CNC stenosis (<1.5 mm)
had CND [17]. About one-third of children with ANSD have been reported to have
CND [15, 18]. A study including 14 children with ANSD showed that five children
(35.7 %) had CND [18], and another study reported that 15 of 54 children (28 %)
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with ANSD had CND [15]. The incidence of CND is low in hearing-impaired chil-
dren with normal inner ear morphology [3, 17], but on rare occasions, CND can be
present in cases where the structure of the inner ear, CNC, and IAC are normal [20].

CND is challenging for the decision-making process about whether to proceed
with CI, because this condition may result in very poor speech perception or even
anacusis after CI [14, 20].

7.2.2 Diagnosis of CND

The range of CND includes cochlear nerve hypoplasia and cochlear nerve aplasia.
CND is diagnosed using MRI of the IAC [21]. The cochlear nerve is considered to
be normal if on the MR image it is the same size or larger than the other nerves in
the IAC, including the facial nerve and superior and inferior vestibular nerves. The
cochlear nerve is considered to be hypoplastic (small) if it is smaller than the other
nerves in the IAC and to be aplastic (absent) if it is not seen on MRI [19]. Heavily
T2-weighted gradient echo or turbo-spin echo sequences should be used, and images
of the axial and parasagittal planes must be acquired with submillimetric slice thick-
ness to assess accurately the size of the cochlear nerve [22].

7.2.3 Outcome of CI in Children with CND

Children with CND meet the audiometric criteria for CI because most of them have
severe-to-profound hearing loss [20]. Although there has been a perception that
pathology of the cochlear nerve precludes deaf children from receiving CI, the sur-
gery has been performed for children with CND based on the rationale that children
with cochlear nerve hypoplasia can benefit from CI [23] and that some children with
cochlear nerve aplasia may have cochlear nerve fibers that are below the resolution
of current imaging modalities [14].

However, the outcomes of CI performed for children with CND are unreliable
and extremely variable [23-27]. A study that reported the outcome of CI performed
in six children with CND showed that five of the children could detect only the pres-
ence of sounds and one child could understand some common phrases [24]. All the
children achieved very poor speech production at grade 2 speech intelligibility rat-
ing (SIR). Many studies of CI outcomes in children with CND have shown that the
majority of children with CND obtained very limited benefit after CI, such as
improved access to environmental sounds, and that only sporadic cases could
acquire open-set speech perception and spoken language [23-27]. In children with
CND, therefore, CI should be considered carefully after patients and family mem-
bers have been fully informed about the uncertain speech and language outcomes.
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It is very difficult to predict the outcome of CI prior to surgery in children with
CND, but high-resolution MRI and electrical auditory brainstem response (EABR)
testing can help. A study including 139 implanted children with CND showed that
children with cochlear nerve hypoplasia had a good outcome after CI [23]. In that
study, the cochlear nerve aplasia group (one-fifth of the children) showed signifi-
cantly worse scores on categories of auditory performance (CAP) and SIR after CI
than the non-CND group. However, no significant difference was noted between the
cochlear nerve hypoplasia group (four-fifths of the children) and the non-CND
group. Although MRI is the best imaging tool to visualize the cochlear nerve, it may
for various reasons not always differentiate cochlear nerve hypoplasia from aplasia
[22]. If images are obtained using a thick section, the resolution can be poor, move-
ment artifacts may obscure the images, or a concomitant narrow IAC or CNC may
mask the cochlear nerve. To depict accurately the cochlear nerve, submillimetric
thin-section images of the axial and parasagittal planes must be acquired using a
3-tesla MRI scanner rather than a 1.5-tesla MRI scanner [28]. In addition to MRI,
EABR using intracochlear electrical stimulation can help predict the outcome of CI
in children with CND [15, 29]. The ideal method is transtympanic EABR using
promontory or round window stimulation performed before surgery, but studies
have failed to show a predictive value of preoperative transtympanic EABR on CI
outcomes and the status of the cochlear nerve. One study showed that there were no
significant differences in speech perception and production between deaf children
with a clear promontory EABR wave and those with no wave [30]. The other study
reported that promontory EABR was absent in four children with a narrow IAC who
were subsequently found during surgery for auditory brainstem implant (ABI) to
have thin vestibulocochlear nerves [31]. However, EABR performed during CI sur-
gery using intracochlear electrical stimulation was reported to have predictive value
for the speech perception outcomes after CI in children with CND [15, 29] and
children with narrow IAC [32]. The information about the prognosis obtained from
EABR performed during or very soon after CI surgery in children with CND can
assist in the choice of habilitation method and facilitate decision-making about
whether to convert to ABI [32].

An ABI should also be considered for children with CND [14, 22, 31]. A report
showed that the children with CND who had a poor performance with a CAP score
of 2 or less after CI achieved CAP scores of 2—7 after receiving an ABI for the ipsi-
lateral ear [14]. Another report showed that children with CND who received an
ABI outperformed those with CND who received CI [33]. However, the surgical
risks related to ABI and the much more difficult programming procedure for the
ABI must be considered [22, 33]. Furthermore, ABI is recommended for appropri-
ate candidates aged over 18 months [34]. Therefore, for children with CND, it is
better to perform CI as early as possible to minimize the period of auditory depriva-
tion. If a child with CI has an aplastic cochlear nerve on MRI and shows no EABR
and no auditory progress, a contralateral ABI should be considered [33].
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7.3 Cochlear Implantation in Children with IEMs

7.3.1 Introduction to IEMs

The incidence of IEMs in children with congenital SNHL has been reported to
range from 20 to 40 % [35-37]. Most IEMs are considered to be the result of arrested
and/or aberrant development during the embryogenesis of the inner ear [35]. Single-
gene mutations can also cause IEMs, including the SLC26A4 gene mutation that
causes an enlarged vestibular aqueduct [38] and the POU3F4 gene mutation that
causes incomplete partition type 3 [39].

When CI surgery was first performed, children with IEMs were regarded as poor
candidates for CI because of their abnormal tonotopic organization and the increased
risks of surgical complications including CSF gusher, facial nerve injury, or elec-
trode misinsertion into the IAC in patients with a defect of the fundus [2-9].
Currently, however, the presence of IEMs is no longer an obstacle to performing CI
and achieving favorable speech perception abilities [1, 40]. There have been numer-
ous reports of CI performed in children with IEMs and promising outcomes have
been reported [1, 4, 36, 37, 40, 41]. However, children with some severe forms of
IEM, including common cavity or cochlear aplasia, are still difficult candidates for
ClI, and these types of malformation should be carefully assessed [42—44].

7.3.2 Diagnosis and Classification of IEMs

The best modality to depict IEMs is high-resolution TBCT. Most IEMs can be diag-
nosed without difficulty using axial and coronal TBCT images that are obtained
with submillimetric slice thickness. In cases of an extremely malformed inner ear
structure, a three-dimensional volume-rendering technique using MR images can
help depict the morphology of the inner ear [37].

The most popular classification system for IEMs originated from the study by
Jackler et al. [35], who classified I[EMs using inner ear images taken by polytomog-
raphy. In this classification system, congenital bony cochlear malformations are
categorized as one of the following: complete labyrinthine aplasia, cochlear aplasia,
cochlear hypoplasia, incomplete partition, or common cavity. Incomplete partition
and cochlear hypoplasia are classified further into mild and severe forms. Sennaroglu
revised this system using TBCT images [45, 46]. Incomplete partition was further
classified into incomplete partition types I, II, and III, and cochlear hypoplasia was
classified into types I, II, and III.

Recently, a new classification system for IEMs was introduced by Jeong and
Kim [1], who simply classified IEMs into four subtypes based on the morphology
of the cochlea and modiolus on TBCT: cochleovestibular malformation (CVM)



92 L.-S. Kim and S.W. Jeong

type A in patients with a normal cochlea and normal modiolus, CVM type B in
patients with a malformed cochlea and partial modiolus, CVM type C in patients
with a malformed cochlea and no modiolus, and CVM type D in patients with no
cochlea and no modiolus. This classification system correlates well with cochlear
nerve size and speech perception performance after CI.

7.3.3 Outcome of CI in Children with IEMs

Numerous reports of CI outcomes in children with IEMs have been published [4,
36, 37, 41-44]. However, reports using systematic analysis of the outcomes of large
numbers of implanted children with IEMs are lacking, and the majority of the
reports are based on limited numbers of patients. According to previously published
reports, children with mild IEMs such as incomplete partition type II, malforma-
tions of the vestibule or semicircular canals, and enlarged vestibular aqueduct are
associated with excellent outcomes after CI that are similar to those of implanted
children with normal inner ear morphology [6, 37, 41, 47-49]. However, children
with severe IEMs, including common cavity or cochlear aplasia, achieve subopti-
mal and uncertain speech perception abilities, although they can receive benefits
from CI [42-44, 48, 49]. Generally speaking, the outcome of CI in children with
IEMs can be considered to be negatively correlated with the severity of the IEM.

Recent studies have shown that the age at CI and the status of the cochlear nerve
are the most important determinants of speech perception abilities after CI in chil-
dren with IEMs [1, 40]. A study including 48 children with IEMs showed that there
was no significant relationship between the degree of cochlear abnormality and
speech perception/language outcomes and that optimum language outcomes were
associated with younger age at CI [40]. In another study including 59 children with
IEMs who received CI, the speech perception of the children with IEMs was deter-
mined by the age at CI and the size of the cochlear nerve, not by the severity of the
IEM [1]. Therefore, children with severe IEMs including common cavity or cochlear
aplasia can be favorable candidates for CI if they are young and have a competent
vestibulocochlear nerve [1, 43, 44]. In a study including three patients with a com-
mon cavity, all three achieved useful open-set speech perception. Two, who had a
normal CNC or normal vestibulocochlear nerve and received CI at an early age,
showed favorable speech perception, although one child with a narrow CNC who
received CI at a later age showed a poor outcome [1]. Children with cochlear aplasia
can also be candidates for CI, and the surgery can be performed using the method of
inserting an electrode array into the vestibule [43, 44]. Favorable speech perception
ability can be achieved if the children with cochlear aplasia are implanted at an early
age and have favorable vestibulocochlear nerve integrity [43].
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7.4 Conclusion

The cochlear implant is a device to stimulate the spiral ganglion, a cluster of cell
bodies of cochlear nerve neurons, using an electrode array inserted into the cochlea.
Therefore, there is concern that malformation of the cochlear nerve or cochlea can
disturb the surgical procedure of CI and prevent patients from achieving optimal
speech and language abilities after CI. This brief review of the outcomes of CI per-
formed in children with CND and/or IEMs shows that they can be favorable candi-
dates for CI. Meticulous assessment of the status of the cochlear nerve using
high-resolution MRI and EABR can help to identify the optimal candidates for CI
and to decide whether to proceed with ABI in children with CND. If a child with
IEM is young and has a competent eighth cranial nerve, a favorable speech percep-
tion outcome of CI can be expected.
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Chapter 8
EABR of Inner Ear Malformation

and Cochlear Nerve Deficiency After Cochlear
Implantation in Children

Shujiro Minami and Kimitaka Kaga

Abstract When cochlear implantation has been performed in a case involving
inner ear malformations, it is particularly important to perform objective physiolog-
ical measurements of the cochlear implant. The inner ear malformations can be
divided into categories according to the observation of modiolus deficiency and/or
cochlear nerve deficiency (CND). CND severity can be categorized in one of three
ways, according to the MRI findings: (1) a hypoplastic cochlear nerve, (2) the
absence of cochlear nerve, and (3) the absence of vestibulocochlear nerve. EABR is
a reliable and effective way of objectively confirming device function and implant
responsiveness of the peripheral auditory neurons up to the level of the brainstem in
cases of inner ear malformation. EABR can often be recorded in cases in which the
presence of excessive stimulus artifacts precludes the successful acquisition of
ECAP, such as in cases with modiolus deficiency cochlea. This chapter presents
cases with or without modiolus deficiency, depending on the severity of cochlear
nerve deficiency, and describes their EABR characteristics. Vestibular simulated
EABR is also shown, demonstrating the interactions between vestibular and audi-
tory pathways.
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8.1 Introduction

When inner ear malformations are present, it is particularly important to perform
objective measurements of the cochlear implant (CI), as these measurements will
show whether the electrodes are appropriately positioned and whether there is ini-
tial failure of the device during surgery. These measurements are also useful for
predicting the audiological outcomes after CI implantation, for assisting the speech
processor fitting when behavioral results are difficult to obtain, and for character-
izing the pathophysiology of hearing loss. The different ways of objectively mea-
suring CI function can be divided into those that measure nonphysiological variables
and those that measure physiological variables. Objective nonphysiological assess-
ment tools include those that measure electrode-specific voltage, impedance, and
electrical field patterns across the array. These provide insights into the properties
of the surrounding tissue, the electrode—tissue interface, and the path of current flow
and help to identify electrode failures [1]. However, these tools are not used to
assess the physiological function of the auditory pathway. Physiological objective
assessment tools measure various aspects of the auditory responses to electrical
stimulation through a CI. These include electrically evoked stapedial reflexes [2],
electrically evoked compound action potentials (ECAPs) [3], electrically evoked
auditory brainstem responses (EABRs) [4], electrically evoked auditory middle
latency responses [5], and electrically evoked auditory cortical potentials [6]. ECAP
can be recorded quickly and easily without the need for surface or scalp electrodes
and is probably the most widely used measure in clinical settings. In contrast, while
EABR recordings require the placement of surface electrodes, they can provide
information about the auditory pathway up to the level of the brainstem [7].

The inner ear malformations can be categorized according to the type of modio-
lus deficiency and/or cochlear nerve deficiency (CND), if any. The modiolus present
type includes enlarged vestibular aqueduct (EVA), incomplete partition type II (IP-
II), and cochlear hypoplasia type III (CH-III). The modiolus absent type includes
common cavities (CC) and incomplete partition type I (IP-I). CND can be divided
into three categories, according to the MRI findings (Fig. 8.1a—d): (1) a hypoplastic
cochlear nerve; cochlear nerve can be identified, but is smaller than facial nerve; (2)
the absence of cochlear nerve; vestibulocochlear nerve can be identified but cochlear
nerve cannot be separated; and (3) the absence of vestibulocochlear nerve; vestibu-
locochlear nerve cannot be confirmed at all. The present chapter shows cases of
each type, describing their EABR characteristics.
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Fig. 8.1 Reformatted a
parasagittal oblique MRI
images. (a) A normal
cochlear nerve of larger
diameter than the facial
nerve. F facial nerve, C
cochlear nerve, SV super.
(b) A hypoplastic cochlear
nerve of smaller diameter
than the facial nerve (red
triangle). (c) Facial and
vestibulocochlear (red
triangle) nerves are
identified, but cochlear
nerve is not separated. (d)
Absence of
vestibulocochlear nerve.
Only facial nerve is
recognized

8.2 Measurement and Reading of EABR

8.2.1 Measurement of Intracochlear EABR

EABRs were recorded on electrodes within the cochlea. The responses were
recorded with the Neuropack (Nihon Kohden Co., Tokyo, Japan) electrodiagnostic
system and were triggered externally by the stimulus output of each CI company’s
software and the interface unit. The interface unit was also connected to a stock
speech processor and the subject’s headpiece; the stimulus signal was transmitted
across the skin to the implanted device. The electrically evoked brainstem potentials
were recorded by using needle electrodes placed on the forehead (different elec-
trode), the nape of the neck (indifferent electrode), and the contralateral earlobe
(reference electrode). The recording of electrical activity included two or three rep-
lications of 1000 sweeps at each stimulus level with a time window of 10 ms for
each stimulus condition. Frequency cutoffs of 100 and 1000 Hz were used. The
pulse duration was set to 30 ms and the stimulation amplitude for a single recording
fell from high to low current. If no response was detected, pulse duration was
increased.
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Fig. 8.2 (a) ECAP waves of case no. 1. (b) EABR waves of case no. 1

8.2.2 EABR Waves of Patients Without Inner Ear
Malformation

8.2.2.1 Case No. 1

In this case, hearing loss was found by newborn hearing screening. Congenital cyto-
megalovirus infection was confirmed by polymerase chain reaction for cytomegalo-
virus DNA in his umbilical cord. CT and MRI studies showed normal inner ear
structure. He was fitted with hearing aids bilaterally, but his hearing loss progressed
to profound sensorineural hearing loss. At the age of 3 years, he underwent implan-
tation with a CONCERTO Flex28 (MED-EL, Innsbruck, Austria). All electrodes
were inserted, and further assessment via telemetry showed good ECAP and EABR
responses via the cochlear implant (Fig. 8.2a, b). After cochlear implantation, his
hearing recovered well, and he achieved an IT-MAIS score of 34 at 6 months after
implantation.

8.2.2.2 Comment

The basal electrodes have higher thresholds and longer wave eV latencies than the
apical and middle electrodes. It may be that the higher thresholds and longer wave
eV latencies of the most basal electrodes are the result of the greater distance from
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the neural elements compared to the more apical electrodes, which are located fur-
ther along the scala tympani. According to our series, the mean wave elll latencies
of the ears without a malformation for apical and basal electrodes were 2.29 + (.22
and 2.40 + 0.24 ms, and the mean wave eV latencies of the ears without a malforma-
tion for apical and basal electrodes were 4.26 + 0.40 and 4.55 + 0.32 ms [8]. All
children without malformations had EABR wave eV latencies of less than 5 ms. The
patients were divided into three groups according to their EABR responses. The
typical response group included all patients showing reproducible wave eV
responses with EABR eV latencies of less than 5 ms. The atypical response group
was defined as those patients who presented with reproducible wave eV responses
that were measured in only a limited number of electrodes and/or that showed
EABR eV latencies of more than 5 ms pulse duration. In the no response group, no
identifiable wave eV responses could be seen in any of the electrodes, even with
longer pulse duration.

8.3 EABR Waves of Patients with Modiolus Present Type
of Inner Ear Malformation

8.3.1 Modiolus Present and Cochlear Nerve Present Type
8.3.1.1 Case No. 2

This is a case of congenital progressive hearing loss with bilateral enlarged vestibu-
lar aqueduct (EVA) (Fig. 8.3a, b). SLC26A4 mutations were confirmed. At the age
of 3 years, she underwent implantation with a CONCERTO Flex soft (MED-EL) in
her right ear. All electrodes were inserted, and further assessment via telemetry
showed good ECAP and EABR responses via the cochlear implant (Fig. 8.3c).
After cochlear implantation, her hearing recovered well.

8.3.1.2 Comment

The presence of enlarged vestibular aqueduct (EVA) in the presence of normal
cochlea, vestibule, and SCCs is a typical case of modiolus present and cochlear
nerve present type of inner ear malformation. This type of inner ear malformation
shows as good EABR and CI performance as those without malformation. In the
cochlear malformation cases in which the modiolus was present, the basal elec-
trodes have higher thresholds and longer wave eV latencies than the apical and
middle electrodes. These are similar threshold and latency patterns to those observed
in the patients without malformations.
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Fig. 8.3 (a) Axial computed tomography imaging study showing enlarged vestibular aqueduct
malformation. (b) Axial MRI study showing enlarged vestibular aqueduct malformation and nor-
mal cochlear nerves. (¢) EABR waves of case no. 2

8.3.2 Modiolus Present and Cochlear Nerve Deficiency Type
8.3.2.1 CaseNo.3

This child was 10 years old and had progressive hearing loss (Fig. 8.4a). She has a
very thin cochlear nerve canal in CT (Fig. 8.4b), and her cochlear nerves could not
be seen on MRI (Fig. 8.4¢), but she had obvious auditory response on both ears. She
had cochlear implantation (MED-EL. CONCERTO Flex soft) on the left ear. Her
ECAP showed a threshold at 600 CU (current unit) with a 30-ms pulse duration (Fig.
8.4d), which is the usual pulse width. Meanwhile, her EABR threshold was 800 CU
with a 55-ms pulse duration (Fig. 8.4e), which means that we need to nearly double
the intensity to obtain the EABR threshold as compared with ECAP. Now, her cat-
egory of auditory performance (CAP) score is 6, and she is very satisfied with CI.

8.3.2.2 Comment

Even the patient has cochlear nerve deficiency, if she has obvious auditory response
with hearing aids, she can be a good indication for cochlear implantation. Because
obvious auditory response implies that the cochlear nerve is functionable. Cochlear
nerve canal stenosis cases have normal spiral ganglion cells, so ECAP shows good
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Fig. 8.4 (a) Pure tone audiometric result for case no. 3 before cochlear implantation. (b)
Parasagittal oblique MRI study showing the absence of cochlear nerve. (¢) Axial computed tomog-
raphy imaging study showing cochlear nerve canal stenosis. (d) ECAP waves of case no. 3. (e).
EABR waves of case no. 3

responses with the usual intensity. However, because a high intensity is needed to
go through the thin auditory nerve, the EABR threshold is high. It may be better to
use modiolar-hugging electrodes, because peri-modiolar electrode placement
reduces the spread of excitation of CI stimulation. These reduced nerve stimulation
thresholds may result in improved speech discrimination by implant users with
modiolus presence and cochlear nerve deficiency.
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8.4 EABR Waves of Patients with Modiolus Absent Type
of Inner Ear Malformation

8.4.1 Modiolus Absent and Vestibulocochlear Nerve
Present Type

8.4.1.1 Case No. 4

This child has congenital profound hearing loss with bilateral common cavity (CC)
malformation (Fig. 8.5a). He underwent cochlear implantation with PULSAR
Standard (MED-EL) at 2 years old in his right ear and CONCERTO Standard
(MED-EL) at 4 years 8 months old in his left ear. In the right ear, no ECAP response
and variable EABR responses were obtained; in the left ear, variable ECAP and
EABR responses were obtained (Fig. 8.5b, ¢). His IT-MAIS score was 35 at 1 year
after first implantation.

8.4.1.2 Comment
The type of cochlear malformation characterized by modiolus absence and vestibulo-

cochlear nerve presence is CC or incomplete partition type I (IP-I) with open fundus
of the internal auditory canal (IAC). ECAP recordings depend largely on spinal
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Fig. 8.5 (a) Axial computed tomography imaging study showing common cavity malformation.
(b) Parasagittal oblique MRI study showing vestibulocochlear and facial nerves. (¢) ECAP waves
of case no. 4. (d) EABR waves of case no. 4
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ganglion cells, which are very often defective in modiolus deficiency-type malformed
cochlea. EABR can be obtained in modiolus deficiency-type implant users because
the measures are not dependent on the implant having telemetry capabilities and
because the wave eV of EABR, which occurs at a later latency than ECAP, is easier
to isolate from the stimulus artifacts. The cochlear malformation cases with modiolus
deficiency did not exhibit threshold and latency differences between electrodes. The
auditory nerve tissues in modiolus deficiency malformations are supposed to be in the
inner ear wall, and so the distances from each electrode to the auditory nerve tissue
should not be different in modiolus deficiency-type malformations.

8.4.2 Modiolus Absent and Vestibulocochlear Nerve Deficiency
8.4.2.1 CaseNo.5S

This patient was 1 year and 6 months old and has common cavity with very narrow
internal auditory canal on both sides (Fig. 8.6a). Only the facial nerves were recog-
nized by the MRI (Fig. 8.6b). The auditory response with hearing aids was vague,
but the damped-rotational chair test (DRCT) showed normal vestibular function
(Fig. 8.6¢). She had cochlear implantation in the left ear. The intracochlear EABR
during surgery showed typical good responses at all electrodes (Fig. 8.6d). Now, she
shows obvious auditory response with CI and takes auditory verbal education.

8.4.2.2 Comment

This type of malformation is challenging. Some doctors may say this is a case of
cochlear aplasia with enlarged vestibule. We think good vestibular functions in the
cases of comorbidity of common cavity and narrow internal auditory canal can be an
indication for CI. In the case of internal auditory canal stenosis, vestibular evaluation
helps us to determine the neural connection between the inner ear and the brain. It is
possible that vestibular nerves can obtain the function of auditory nerve via auditory
stimulation plasticity. Amphibians and reptiles are able to hear without cochlea.
Smith reported interactions between the vestibular nucleus and the dorsal cochlear
nucleus [9]. The next case (no. 6) demonstrated the possibility of these interactions.

8.5 Vestibular Simulated EABR

8.5.1 Case No. 6

This patient suffered bilateral profound hearing loss at age 3 as a result of meningi-
tis. He underwent cochlear implantation with Concerto Flex28 (MED-EL) at 20
years old in his left ear. He had stage I cochlear ossification; all electrodes were
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Fig. 8.6 (a) Axial computed tomography imaging study showing common cavity malformation
and severe internal auditory canal stenosis. (b) Parasagittal oblique MRI study showing only facial
nerves. (¢) DRCT response of case no. 5. (d) EABR waves of case no. 5

wrongly inserted to vestibule and semicircular canals (Fig. 8.7a). After we found the
wrong insertion, he underwent reoperation, and his hearing recovered well. Figure
8.7b showed vestibular simulated EABR in wrong insertion.

8.5.2 Comment

This is an unexpected case. The EABR in the vestibule and semicircular insertion
showed reproducible wave elll, eIV, and eV responses with similar latencies to case
no. 5. Previous studies showed direct projections from the vestibular nerve to the
dorsal cochlear nucleus (DCN) [9, 10]. These results suggest that the lateral vestibu-
lar nucleus (LVN) projects directly to the DCN, some of which may also receive
direct projections from the vestibular nerve. Thus, vestibular and auditory informa-
tion processing may be intimately connected.
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Fig. 8.7 (a) Axial computed tomography imaging study showing wrong insertion to vestibule and
semicircular canals. (b) EABR waves of case no. 6 in wrong insertion

8.6 Our Series of Cochlear Nerve Deficiency

Table 8.1 shows our 20 cases of CND who had CI surgery. We evaluated our 20
cases of CNDs by CT and MRI, vestibular functions (damped-rotational chair test),
and intracochlear EABR during CI surgery. 65 % of CNDs had comorbidity of
cochlear malformation, 25 % incomplete partition (IP)-I, 20 % cochlear hypoplasia,
15 % common cavity, and 5 % IP-II. On MRI one case showed a thin cochlear
nerve, and 60 % showed the absence of cochlear nerves but the presence of vestibu-
locochlear nerves. The absence of vestibulocochlear nerves is found in 25 % of
CNDs. With vestibular function tests before CI surgery, 60 % of CNDs showed
normal, 25 % poor, and 10 % no response. In the cases with vestibulocochlear
nerves found on MRI, 67 % showed typical EABR, while in the cases with no ves-
tibulocochlear nerve, just one showed typical EABR. 64 % of good vestibular func-
tion cases showed typical EABR, while only 29 % of poor or no vestibular function
cases showed typical EABR. In the cases with thin or absent cochlear nerves, the
vestibulocochlear nerves found on MRI and obvious auditory responses with hear-
ing aids are possible indications for CI. Even if the imaging studies show an absence
of vestibulocochlear nerves, the cases with good vestibular functions can be indi-
cated for CI, because vestibular evaluation helps us to determine the neural connec-
tion between the inner ear and the brain. Not only imaging evaluations but also
evaluations by auditory response and vestibular function are important for CI
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Table 8.1 Our 20 cases of cochlear nerve deficiency

S. Minami and K. Kaga

Clage |Cochlear DRCT
Pt | (years) | malformation |Modiolus | MRI pre-CI EABR
1 4 No Present Absence of cochlear Normal Atypical
nerve
2 2 IP-1 Absent Absence of cochlear Normal Typical
nerve
3 5 Cochlear Present Absence of cochlear N/A Typical
hypoplasia nerve
4 2 IP-1 Absent Absence of cochlear No Typical
nerve response
5 2 No Present Absence of cochlear Normal Typical
nerve
6 2 Common Absent Absence of cochlear Poor Typical
cavity nerve
7 3 IP-1 Absent Absence of cochlear Poor Atypical
nerve
8 2 Cochlear Present Absence of cochlear Normal Typical
hypoplasia nerve
9 2 Cochlear Present Absence of cochlear No Atypical
hypoplasia nerve response
10 |10 No Present Absence of cochlear Normal Typical
nerve
11 6 IP-1I Present Hypoplastic cochlear Normal Typical
nerve
12 | 2 IP-1 Absent Absence of cochlear Normal N/A
nerve
13 | 4 Common Absent Absence of cochlear Normal Typical
cavity nerve
14 2 No Present Absence of cochlear Normal Atypical
nerve
15 4 No Present Absence of Poor No response
vestibulocochlear nerve
16 1 Common Absent Absence of Normal Typical
cavity vestibulocochlear nerve
17 |11 No Present Absence of Normal No response
vestibulocochlear nerve
18 1 IP-1 Absent Absence of cochlear Poor Atypical
nerve
19 | 2 No Present Absence of Normal Atypical
vestibulocochlear nerve
20 |26 Cochlear Present Absence of Poor Atypical
hypoplasia vestibulocochlear nerve
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indication of CNDs. Even in typical EABR cases, some cases show poor auditory
performance with CI because of developmental disability. It is difficult to evaluate
developmental disability in early childhood, and so we should pay considerable
attention to this comorbidity with developmental disability.
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Chapter 9
Vestibular Neuropathy

Shinichi Iwasaki

Abstract Auditory neuropathy is a disorder which is defined as hearing loss com-
bined with severe abnormalities of auditory brainstem responses (ABRs) in the
presence of preserved cochlear outer hair cell function indicated by normal evoked
otoacoustic emissions (OAEs) and/or cochlear microphonics. On the other hand,
neuropathies of the vestibular nerves have not been commonly recognized. One
reason for this situation may be due to ambiguity in the definition of vestibular neu-
ropathy, since until recently there were no vestibular tests such as ABR or DPOAE
which can discriminate between labyrinthine and retrolabyrinthine lesions. Another
reason is that some patients with bilateral vestibular dysfunction do not express
symptoms of a vestibular disorder. Currently, vestibular neuropathy is usually diag-
nosed from circumstantial evidence. This chapter describes (1) vestibular dysfunc-
tion in patients with auditory neuropathy, (2) vestibular involvement in other
neuropathies, and (3) retrolabyrinthine involvement in idiopathic bilateral vestibu-
lopathy, in the literature as well as in our experience. This review concludes that
many patients with auditory neuropathy or other neuropathies also have bilateral
vestibular dysfunction.

Keywords Auditory neuropathy ¢ Vestibular ¢ Caloric ¢ Vestibular evoked myo-
genic potentials

9.1 Introduction

Auditory neuropathy is a disorder which is defined as hearing loss in the presence
of preserved cochlear outer hair cell function indicated by normal evoked otoacous-
tic emissions (OAEs) and/or cochlear microphonics combined with severe abnor-
malities of auditory brainstem responses (ABRs), suggesting hearing loss caused by
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retrocochlear lesions. After the first descriptions of auditory neuropathy by
Starr et al. [1] and Kaga et al. [2], there have been many reports on this disease
(for review, see [3]).

On the other hand, neuropathies of the vestibular nerves have not been com-
monly recognized. One reason for this situation may be ambiguity in the definition
of vestibular neuropathy, since until recently there were no vestibular tests such as
ABR or DPOAE (distortion product otoacoustic emissions), which were able to
discriminate between labyrinthine and retrolabyrinthine lesions. Another reason is
that some patients with bilateral vestibular dysfunction do not express symptoms of
a vestibular disorder; hence, such patients do not undergo vestibular function tests.

At present, vestibular neuropathy is diagnosed from circumstantial evidence.
For example, patients with vestibular dysfunction as well as other neuropathies are
usually considered to have vestibular neuropathy. In this chapter, the current status
of vestibular neuropathy in the literature is reviewed.

9.2 Auditory Neuropathy with Vestibular Involvement

A proportion of patients with auditory neuropathy have bilateral vestibular dysfunc-
tion. Starr et al. [1] described ten patients with auditory neuropathy, three of whom
showed horizontal nystagmus on lateral gaze and two others who had absent caloric
responses [1]. Additionally, all of these five patients had generalized peripheral neu-
ropathy. The authors suggested the abnormal results of auditory as well as vestibular
function tests formed part of a generalized neuropathic disorder affecting both com-
ponents of the eighth cranial verve.

Kaga et al. [2] also reported on two patients with auditory neuropathy (auditory
nerve disease) in the same year [2]. These patients complained of vestibular symp-
toms, and ice water caloric tests revealed no responses bilaterally in either patient.
They attributed the results to a slight involvement of the vestibular organs and brain-
stem and a possible lesion in the cochlear nerve.

Patients with auditory neuropathy who do not have vestibular symptoms such as
imbalance or oscillopsia may nevertheless have vestibular disorders. Fujikawa and
Starr [4] performed caloric tests in 14 patients with auditory neuropathy who had
not experienced any symptoms of vestibular disorders [4]. Abnormal caloric
responses were found in 9 of the 14 patients (64 %), 7 of whom also had peripheral
neuropathies. The mean age of the nine patients with vestibular dysfunction (35.6
years) was older than that in patients without vestibular dysfunction (17.8 years).
The reason for the lack of vestibular symptoms might have been the bilateral
involvement of the dysfunction and a slow rate of vestibular nerve degeneration.
Masuda and Kaga [5] reported the chronological deterioration of vestibular function
in three patients with auditory neuropathy [5].
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Cervical vestibular evoked myogenic potentials (cVEMPs) have been recorded
in patients with auditory neuropathy to evaluate the function of the saccule and
inferior vestibular nerves [6, 7]. Sheykholeslami et al. [7] reported a bilateral
absence of cVEMP responses in three patients with auditory neuropathy but without
peripheral neuropathy [7]. Sazgar et al. [6] also recorded cVEMPs in eight patients
with auditory neuropathy and showed abnormal cVEMP responses in 13 of 16 ears
(81 %): unrepeatable waves in four ears and absent responses in nine ears [6]. These
results suggest that auditory neuropathy can involve the inferior vestibular nerve as
well as the cochlear nerve.

Histopathological changes in the vestibular nerves in auditory neuropathy have
been reported by Starr et al. [8]. They examined the histopathology of the temporal
bones in a patient with auditory neuropathy accompanied by mutations in the myelin
protein zero (MPZ) gene, who had an absence of caloric responses in both ears.
They reported a reduction of the number of nerve fibers between the vestibular
receptors and the vestibular ganglion despite the normal appearance of the sensory
epithelium of the vestibular organs. The number of vestibular ganglion cells was not
reduced. Approximately one-third of the laterally projecting vestibular nerve had an
irregular beaded appearance, indicating incomplete remyelination of the nerve.
Similar changes were also observed in the cochlear nerve and sural nerve in their
study. These results suggest that vestibular lesions in auditory neuropathy are
mainly caused by axonal disease as part of a generalized neuropathy.

Auditory neuropathy may accompany peripheral neuropathy in a variety of auto-
somal dominant syndromes as described below. However, mutations in the otoferlin
(OTOF) gene, the cause of DFNBO recessive deafness, are implicated in recessive
non-syndromic deafness in auditory neuropathy [9]. Otoferlin is a transmembrane
protein belonging to the ferlin protein family and is involved in glutamate transmit-
ter release at the ribbon synapse of inner hair cells in the cochlea. The abnormal
transmitter release at the synapse leads to impairment in activation of the cochlear
nerve. Figure 9.1 shows audiological and vestibular findings in a 2-year-old girl
with OTOF mutations. She showed severe hearing loss and preserved DPOAE, but
ABRs were absent in both ears, indicating an auditory neuropathy (Fig. 9.1). She
showed normal per-rotatory nystagmus in rotation tests and normal cVEMP
responses in both ears, suggesting preserved vestibular function. Although there
have been no reports on vestibular function in patients with OTOF mutations,
patients with this mutation may have vestibular disorders. It has been shown that
otoferlin is essential for calcium-dependent exocytosis in ribbon synapses at ves-
tibular hair cells as well as at auditory hair cells [10].

9.3 Vestibular Involvement in Other Neuropathic Diseases

Involvements of vestibular nerve in other neuropathic diseases have been reported
in various neuropathic diseases (Table 9.1).
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Fig. 9.1 Audiological and vestibular findings in a 2-year-old girl with OTOF mutation. (a)
Audiogram. (b) Distortion product otoacoustic emission. (¢) Auditory brainstem responses in
response to 105 dBnHL clicks. (d) Results of dumped rotation test. (e) Cervical vestibular evoked
myogenic potentials in response to 135 dBSPL tone bursts (5 ms). L left, R right

Table 9.1 Vestibular involvement in other neuropathic diseases

Etiology Disease Reference

Genetic mutation Charcot-Marie-Tooth (CMT) disease [12, 13]
Dominant optic atrophy (DOA) [15]

Autoimmune disorder Guillain-Barre syndrome [17]
Chronic inflammatory demyelination [20]
polyneuropathy (CIDP)

Inflammation Sarcoidosis [22, 23]

Mitochondrial mutation Friedreich’s ataxia [24, 25]
Mitochondrial encephalomyopathy [27]

Metabolic Wernicke’s encephalopathy [30, 31]
Diabetes mellitus [32, 33]
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9.3.1 Charcot-Marie-Tooth (CMT) Disease

CMT is a group of various inherited disorders of the peripheral nervous system
characterized by progressive loss of muscle tissue and touch sensation in various
parts of the body [11]. Patients with CMT have been clinically divided into two
categories on the basis of nerve conduction velocity (NCV): slow conduction
(CMT1) and normal conduction (CMT2). CMT is caused by mutations in neuronal
proteins found in the myelin sheath and axon. The most common cause of CMT is
the duplication of a large region on the short arm of chromosome 17 including the
gene PMP22.

Jen et al. [12] reported that two patients with a point mutation in the PMP22 gene
had a combination of vestibular dysfunction and peripheral neuropathy [12]. Poretti
et al. [13] performed two kinds of vestibular function tests, the cVEMP test and the
head impulse test which assesses the high-acceleration vestibuloocular reflex of the
semicircular canals, in 15 CMT patients. They reported that the cVEMPs and head
impulse tests were impaired in 75 % and 60 % of the patients, respectively, suggesting
that the neuropathic processes of CMT frequently involve the vestibular nerve [13].

9.3.2 Dominant Optic Atrophy (DOA)

DOA is among the most common inherited optic neuropathy, characterized by pro-
gressive bilateral visual loss in childhood [14]. Retinal ganglion cell degeneration,
affecting the small fibers of the papillomacular bundle, is characteristic of
DOA. About 70 % of patients with DOA have pathogenic mutations in the nuclear
gene (OPAI) encoding for the OPA1 protein. The most common extraocular mani-
festation in DOA is hearing loss in the form of auditory neuropathy [14].

Mizutari et al. [15] reported a patient with a mutation in OPA1 who had absent
caloric responses in both ears and absent cVEMPs in one ear [15]. Santarelli et al.
[14] reported that two of the nine patients with the OPA-1 missense mutation
reported vertigo [14]. These patients might have had vestibular neuropathy as well
as auditory neuropathy.

9.3.3 Guillain-Barre Syndrome (GBS)

GBS is a potentially life-threatening postinfectious neuropathy characterized by
rapidly progressive, symmetrical weakness of the extremities [16]. About 25 % of
patients develop respiratory dysfunction, and most patients show signs of autonomic
dysfunction. The pathogenesis of GBS is considered to be caused by cross-reactive
antibodies against gangliosides generated by molecular mimicry of pathogen-borne
antigens. Diagnosis can usually be made from the clinical symptoms: progressive
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weakness in legs and arms and areflexia in weak limbs, which continue to progress
for up to 4 weeks. Lumbar puncture shows increased numbers of mononuclear or
polymorphonuclear cells in the cerebrospinal fluid.

Jacot and Weiner-Vacher [17] reported a patient with GBS who showed normal
caloric responses but increased latencies in cVEMP responses, suggesting decreased
conduction velocity in the central vestibulospinal pathways [17].

9.3.4 Chronic Inflammatory Demyelination Neuropathy
(CIDP)

CIDP is defined by symmetric proximal and distal weakness with sensory signs and
symptoms in both arms and legs in the presence of electrophysiological features
consistent with demyelinating neuropathy. The symptoms of CIDP show a progres-
sive course in 62 %, relapsing-remitting course in 26 %, and monophasic course in
12 % of patients [18]. The pathogenesis of CIDP is still unclear, but an autoimmune
etiology is presumed because of the similarity of CIDP to experimental autoim-
mune neuritis in rats [19].

CIDP is frequently associated with cranial neuropathies. Frohman et al. [20]
reported a patient with CIDP who had oscillopsia, disequilibrium, and gait distur-
bance [20]. Bilateral vestibulopathy of this patient was demonstrated by bithermal
caloric tests, rotatory chair testing, and dynamic posturography. An MRI with
gadolinium revealed enhancement of eight cranial nerves bilaterally. This patient’s
gait disturbance and vestibulopathy were improved by immunotherapy, suggesting
immune-mediated vestibulopathy.

9.3.5 Sarcoidosis

Sarcoidosis is a systemic granulomatous disease whose origin is still unknown [21].
The typical histopathologic feature of sarcoidosis is a granuloma composed of epi-
thelioid cells surrounded by mature lymphocytes and Langerhans-type and foreign-
body-type giant cells. Respiratory symptoms are most common, but other symptoms
such as general fatigue, dry eyes, or skin lesions are also frequent.

Neurologic involvement occurs in about 5 % of patients with sarcoidosis, in
which the facial nerve is most frequently involved. The eighth nerve is the fourth
most commonly affected nerve in neurosarcoidosis. Babin et al. [22] reported a
patient with neurosarcoidosis in which the cochlear, vestibular, and facial nerves
were involved. Histopathological examination of the temporal bone revealed degen-
eration of the labyrinthine neuroepithelium [22]. Agari et al. [23] reported a patient
with neurosarcoidosis with hearing loss and unsteady gait [23]. The patient showed
moderate sensorineural hearing loss and absent caloric responses in both ears.
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Fig. 9.2 Brain MRI and cVEMP responses in a 57-year-old man with neurosarcoidosis. This
patient was referred to our clinic with a chief complaint of dizziness and instability while walking.
(a) MRI of the brain. Neurosarcoidosis in the hypothalamus (arrow). (b) cVEMPs in response to
135 dB SPL tone burst showed no responses on both sides. EMG indicates background EMG (rec-
tified). He showed no caloric nystagmus in both ears. Lz left, Rt right

Her hearing loss and vestibular dysfunction were significantly improved by admin-
istration of corticosteroids. Figure 9.2 shows results from a patient with neurosar-
coidosis with bilateral involvement of the vestibular nerve.

9.3.6 Friedreich’s Ataxia (FRDA)

FRDA is the most common autosomal recessive hereditary ataxic disease, which
affects the central and peripheral nervous systems, heart, skeleton, and pancreas.
FRDA is caused by a mutation in a homozygous guanine-adenine-adenine (GAA)
trinucleotide repeat expansion on chromosome 9q13 which leads to a transcrip-
tional defect of the frataxin gene. Deficiency of frataxin, a small mitochondrial pro-
tein, is responsible for all manifestations of FRDA. Clinically, ataxia of gait is
almost always the initial manifestation of FRDA. Subsequently, involvement of the
upper and lower limbs, dysarthria, and loss of sensation occurs.

Vestibular dysfunction is common in FRDA. Spoendlin [24] reported two sisters
with FRDA who showed no caloric responses. Examination of the temporal bone
revealed degeneration of the cochlear nerve and the ampullary branch of the ves-
tibular nerve [24]. Fahey et al. [28] examined vestibular function in 20 FRDA
patients using the head impulse test which measures high-frequency components of
the vestibuloocular reflex and showed significantly reduced gain in both ears com-
pared to controls [25].
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9.3.7 Mitochondrial Encephalomyopathy

Mutations in mitochondrial DNA have a close association with sensorineural hear-
ing loss [26]. Deafness is observed in about 70 % of patients with mitochondrial
syndromes such as Kearns-Sayre syndrome, myoclonus epilepsy associated with
ragged-red fibers, and mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS). Iwasaki et al. [27] performed caloric tests and
cVEMPs in 13 patients with mitochondrial A3243G mutations and showed that
most of those patients had bilateral vestibular dysfunction (10 of 13 showed abnor-
mal caloric responses; 12 of 13 showed abnormal cVEMPs), suggesting that ves-
tibular dysfunction is common in patients with mitochondrial encephalomyopathy
[27]. However, results of galvanic cVEMPs, a test of retrolabyrinthine vestibular
function, suggested that a labyrinthine lesion, not a retrolabyrinthine lesion, is
responsible for vestibular dysfunction in these patients.

9.3.8 Wernicke’s Encephalopathy

Wernicke’s encephalopathy is an acute neuropsychiatric disorder resulting from
deficiency in vitamin B1 (thiamine), which is associated with significant morbidity
and mortality [28]. It is characterized by gaze-evoked nystagmus, ophthalmoplegia,
mental status changes, and unsteadiness of stance and gait, although only 16 % of
patients manifest all of these symptoms. The presumptive diagnosis of Wernicke’s
encephalopathy can be made by clinical symptoms and measurement of blood thia-
mine concentrations, but brain MRI is currently considered as the most valuable
method to confirm a diagnosis. MRI studies typically show an increased T2 signal
bilaterally and symmetrically in the paraventricular regions of the thalamus, hypo-
thalamus, floor of the fourth ventricle, and midline cerebellum [29].

Furman and Becker [30] reported two patients with Wernicke’s encephalopathy
who showed hypoactive vestibular responses to both caloric and rotational stimuli.
Both patients showed improved vestibular function following treatment with thia-
mine [30]. Choi et al. [31] performed head impulse tests in two patients with
Wernicke’s encephalopathy and reported selective involvement of the horizontal
semicircular canals, sparing function in the anterior and posterior semicircular
canals [31]. They suggested that this result might be due to selective vulnerability
of neurons in the medial vestibular nucleus.

9.3.9 Diabetes Mellitus (DM)

DM is a metabolic disorder which causes hyperglycemia due to a lack of, or insen-
sitivity to, insulin. Peripheral neuropathy is a major consequence of DM with up to
50 % of patients showing clinically significant neural injury during the disease
course.
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Several studies have demonstrated vestibular dysfunction in patient with DM on
the basis of caloric responses [32, 33]. Klagenberg et al. [33] reported vestibular
dysfunction in 60 % of patients with type 1 DM [33], suggesting peripheral involve-
ment in the disease. On the other hand, Gawron et al. reported central vestibular
involvement in patients with type I DM based on the results of electronystagmo-
graphic tests [32].

9.4 Idiopathic Bilateral Vestibulopathy (IBV)

IBV, which was first reported by Baloh and his colleagues in 1989 [34], is defined
as an acquired bilateral vestibular dysfunction of unknown cause. Patients with IBV
show absent or markedly decreased responses of the lateral semicircular canals as
revealed by caloric and/or rotational tests. Their main clinical symptom is persistent
imbalance, particularly in darkness, not accompanied by hearing loss or other neu-
rologic dysfunctions. There are two types of IBV, sequential or progressive, accord-
ing to their clinical courses.

Patients with sequential-type IBV show recurrent episodes of vertigo or dizzi-
ness. Initially, the unilateral vestibular end organs might be involved unilaterally,
while later involvement of the contralateral side of the vestibular organs might pro-
duce symptoms and signs of bilateral vestibular loss. The possible etiology of the
sequential type includes viral, ischemic, and autoimmune causes.

The other type of IBV is the progressive type. Patients of this type show a gradu-
ally progressive imbalance without episodic vertigo. Possible causes include inher-
ited, toxic, and metabolic causes. IBV in some patients with this type may be caused
by progressive degeneration of vestibular neurons.

By definition, IBV is diagnosed by absent or markedly decreased responses of
the lateral semicircular canals. It is possible that other vestibular end organs, such as
the utricle or the saccule, may be involved in IBV patients. To evaluate the involve-
ment of the otolith organs in IBV, we recorded cVEMPs, which reflect the function
of the saccule and its afferents, and ocular VEMPs (0VEMPs), which reflect the
function of the utricle and its afferents, in 28 patients with IBV (19 men and 9
women, 36—80 years old).

All the patients had absent or markedly reduced caloric responses bilaterally.
Figure 9.3 summarizes the results. For cVEMPs, 45 % of the patients showed bilat-
erally abnormal responses, 25 % showed unilaterally abnormal responses, and the
remaining 30 % showed normal responses. For oVEMPs, 36 % showed bilaterally
abnormal responses, 18 % showed unilaterally abnormal responses, and the remain-
ing 46 % showed normal responses.

We classified these IBV patients into four groups according to the results of
cVEMP and oVEMP testings (Table 9.2): those in which both oVEMPs and
c¢VEMPs were abnormal (39 %), cVEMPs with normal oVEMPs (32 %), abnormal
oVEMPs with normal cVEMPs (14 %), and both oVEMPs and cVEMPs normal
(14 %).
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Fig. 9.3 Results of 100%
cVEMPs and oVEMPs in 90%
28 patients with idiopathic
bilateral vestibulopathy. 80%
Bil. abnormal bilaterally
abnormal, Uni. abnormal 70%
unilaterally abnormal 60%
50%
40%
30%
20%
10%
0%

cVEMP oVEMP

m Bil. abnormal m Uni. Abnormal m Normal

Table 9.2 Result of cVEMPs and oVEMPs in 28 IBV patients

cVEMP
Abnormal Normal
oVEMP Abnormal 11 (39 %) 4 (14 %)
Normal 9 (32 %) 4 (14 %)

cVEMPs cervical vestibular evoked myogenic potentials, oVEMPs ocular vestibular evoked myo-
genic potentials

We compared postural stability by stabilometry in those IBV patients classified
according to the results of the cVEMP and oVEMP tests (Fig. 9.4). Both the veloc-
ity of the movement and the envelopment area in the patient group with abnormal
responses in both cVEMPs and oVEMPs were much worse than the other groups.
The patients who had abnormal cVEMPs only or abnormal oVEMPs only had a
tendency to show greater movement while standing as compared to normal groups,
suggesting that the involvement of the otolith organs affects postural stability in
patients with IBV.

Galvanic cVEMP testing is a form of cVEMP testing that is evoked by galvanic
vestibular stimulation. Since galvanic vestibular stimulation directly activates retro-
labyrinthine vestibular afferents, galvanic cVEMPs can discriminate between
labyrinthine and retrolabyrinthine vestibular dysfunction when cVEMPs to air-con-
ducted sound are absent. Fujimoto et al. [35] recorded galvanic cVEMPs in a patient
with IBV. In this patient, both cVEMPs to ACS and galvanic cVEMPs were absent
on the left side, suggesting that his vestibular lesions on the left side were retrolaby-
rinthine in origin [35].
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Fig. 9.4 Results of a
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9.5 Summary

It is likely that many patients with auditory neuropathy as well as those with other
neuropathies have bilateral vestibular dysfunction. A proportion of IBV patients
appear to have retrolabyrinthine vestibular neuropathies. Since most patients with
bilateral involvement of the vestibular nerves do not have vestibular symptoms, it is
useful to perform vestibular function tests in patients with non-vestibular neuropa-
thies in order to determine whether there is vestibular nerve involvement.
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Developments of new vestibular function tests which can discriminate retrolabyrin-
thine lesions from labyrinthine lesions are necessary to correctly diagnose “vestibu-
lar neuropathy.”
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Chapter 10

Vestibular Development of Children

with Inner Ear Malformation and Cochlear
Nerve Deficiency

Takeshi Masuda and Kimitaka Kaga

Abstract Motor development in children with inner ear malformation or cochlear
nerve deficiency (CND) is often delayed. A reason for delayed head control and
independent walking may be the loss of muscle from the vestibule, and, thus, suf-
ficient tension cannot be maintained. A total of 12 children with bilateral inner ear
malformation and 4 children with bilateral CND were studied. The development of
head control and independent walking in all of the children with bilateral inner ear
malformation and bilateral CND was delayed. For evaluation of vestibular function,
a damped-rotational chair test was performed, and the horizontal nystagmus was
recorded by using an electronystagmography (ENG). These 10 of 12 children with
bilateral inner ear malformation and two of four children with bilateral CND showed
reduced response to the rotational chair test at the initial time. The follow-up exami-
nation performed in all of the children with bilateral inner ear malformation whose
vestibular function appeared was compared with the initial examination. The devel-
opment of motor function in children with bilateral inner ear malformation and
CND is related with not only central compensation but also vestibular
development.
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10.1 Introduction

The developmental neurology of balance impairment in infants and children began
from the observation of postural reflex of infants and children. Kaga in 1980 exam-
ined the vestibuloocular reflex (VOR) quantitatively in children with severe hear-
ing loss using a rotational chair and demonstrated that head control and independent
walking are delayed when the VOR is lacking [1]. Currently, inner ear morphology
can be observed in detail due to the development of high-resolution CT, and inner
ear malformations and narrowing of the internal auditory canal can be revealed.
However, there have been no reports that follow up on changes of the VOR due to
development. Therefore, we evaluated the vestibular function of children with
bilateral severe hearing loss using a rotational chair test. In addition, we performed
a follow-up study on the relationship between vestibular function and motor devel-
opment for which head control and independent walking were used as indicators of
motor development.

10.2 Material and Methods

10.2.1 Patients

Twelve children with a bilateral inner ear malformation and four children with a
bilateral cochlear nerve deficiency (CND) who visited the Tokyo Medical Center
Hospital for infants and children with hearing loss and language disorder clinic.
None of the children had cochlear implant surgery prior to the initial examination.
Inner ear malformations were classified according to the classification by
Sennaroglu et al. [2].

10.2.2 Motor Development

Head control (the state that a motion of the head is controllable by itself) and inde-
pendent walking (the state that no support is needed when walking) were used as
indicators of motor development. Based on the results of an infant and children
physical development survey report in 2010 conducted by the Ministry of Health,
Labour and Welfare of Japan, a delay in motor development was determined when
head control was later than 5 months and independent walking was later than
14 months, which are the 97th percentile values.
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10.2.3 Damped-Rotational Chair Test

Earth-vertical axis rotation (EVAR) was used for the rotational chair test. A damped-
rotational chair test similar to the protocol of Kaga [1] was performed using a
computer-controlled rotational chair (Nagashima Co., Ltd., type S-1I). For the safety
of the children, a parent sat on the rotational chair first and then held the child on
their lap during the rotational chair test. The test was performed in the dark in order
to reduce the influence of the visual suppression, and the velocity was decelerated
by 4° per second from the initial velocity of 160° per second. Right rotation was
performed first, followed by left rotation after a 5-min interval. Nystagmus was
recorded by electronystagmography (ENG). The electrodes were placed near the
lateral canthus of both eyes to record the eye movement in the horizontal direction.
The number of beats of nystagmus during rotation and duration of time for nystag-
mus was measured, and the average values of the left and right rotations were
obtained. When both were less than 50 % of the age control data of Kaga [1], the
vestibular function was determined to be reduced.

10.3 Result

10.3.1 Inner Ear Malformation

All 12 children showed delayed motor development, especially independent walk-
ing. The response of damped-rotational chair test is reduced in 11 of 12 children at
the first time. The follow-up examination of the 12 children with inner ear malfor-
mation showed that distinct nystagmus began to appear compared to the initial
examination in 11 children who showed reduced nystagmus at the first examination
(Table 10.1).

10.3.2 Cochlear Nerve Deficiency

All four children showed delayed motor development. The response of damped-
rotational chair test is reduced in two of four children (Table 10.2).

10.4 Discussion

Motor development in children with bilateral inner ear malformation is often
delayed. A reason for delayed head control and independent walking may be due to
the loss of muscle from the vestibule, and, thus, sufficient tension cannot be



128

T. Masuda and K. Kaga

Table 10.1 Results of motor development and nystagmus during rotation of children who had a
bilateral inner ear malformation

Type of the | Type of the | Time
cochlear vestibular duration | Number |Head Independent
No. |Age anomaly anomaly (s) of beats | control walking
1 2 years Bilateral Bilateral 35 3.5 4 months | 1 year
6 months | common common 6 months
3 years cavity cavity 0 0
5 months
4 years 39 28
9 months
2 3 years Bilateral Bilateral 6 3.5 4 months |2 years
3 months | IP-I dysplasia 4 months
5 years 37 22
7 months
3 6 months | Bilateral Bilateral 0 0 4 months | 1 year
4 years common common 31. 28.5 6 months
7 months | cavity cavity
6 years 36 43.5
5 months
4 9 months | Bilateral Bilateral 0 0 9 months | 1 year
1 year IP-1T dysplasia 37 40.5 6 months
10 months
5 1 year Lt. IP-1 Lt. dysplasia | 12.5 8 6 months |2 years
7 months 0 month
3 years Rt. Michel | Rt. Michel 2.5 3.5
2 months
5 years 16.5 19.5
1 month
6 6 months | Bilateral Bilateral 0 0 6 months |2 years
1 year IP-II Hypoplasia |0 0 0 month
4 months
1 year 0 0
11 months
3 years 2 2
2 months
4 years 28 18.5
2 months
7 2 years Lt. IP-1 Lt. dysplasia |0 0 6 months |2 years
3 months 0 month
3 years Rt. Rt. 29.5 34
8 months | hypoplasia | hypoplasia
4 years 355 48.5
7 months
8 9 months | Lt. IP-II Bilateral 0 0 6 months | | year
1 year Rt. IP-I dysplasia 9.5 11 2 months
2 months
2 years 28 21
0 month

(continued)
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Table 10.1 (continued)
Type of the | Type of the | Time
cochlear vestibular duration | Number |Head Independent
No. |Age anomaly anomaly (s) of beats | control walking
9 1 year Bilateral Bilateral 5 6 6 months | | year
10 months | common common 6 months
4 years cavity cavity 33 38
9 months
10 |5 months | Bilateral Bilateral 28 30 7 months | 1 year
1 year common common 8 8.5 3 months
5 months | cavity cavity
2 years 23.5 24.5
3 months
11 |1 year Bilateral Bilateral 5 4 6 months | 2 years
5 months | IP-II dysplasia 0 month
1 year 25 12
8 months
12 |6 months | Bilateral Bilateral 0 0 7 months | | year
1 year common common 15 10 7 months
0 month cavity cavity
1 year 15 12.5
2 months
1 year 18.5 18
7 months

IP-1 incomplete partition type I, IP-II incomplete partition type II [2]

Table 10.2 Results of motor development and nystagmus during rotation of children who had a

bilateral CND
Time Number of Independent
No. |Age duration (s) beats Head control walking
1 4 years 0 0 1 year, 4 months | 4 years 4 months
4 months
2 2 years 10.5 9 6 months 1 year 10 months
2 months
3 years 13 10
5 months
3 5 years 37.5 31 10 months 2 years 4 months
2 months
4 1 year 2 months | 19 22.5 6 months -
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Fig. 10.1 The time course and the number of beats of nystagmus during rotation of all 12 children
who had a bilateral inner ear malformation. The dashed line indicates control data by Kaga [1]

maintained [3]. In children with bilateral inner ear malformation or bilateral CND,
not only hearing but also the vestibular nerve and vestibular sensory cells may have
abnormalities that cause a delay in motor development [4]. This study also showed
that motor development, such as head control and independent walking, was delayed
in all children with bilateral inner ear malformation or bilateral CND. Nystagmus
was more difficult to elicit in the younger age children in the caloric test, whereas it
appeared regardless of age in the rotation test. As evidenced by a canal-plugging
experiment in monkeys, the rotation test is one of the most stimulating tests among
the vestibular function tests because it applies stimulus to the semicircular canals
and otolith organs in both ears [5]. Therefore, it can detect the response even when
the VOR is very weak.

Since 2008 in our facility, the damped-rotational chair test is performed, and the
vestibular function, along with motor development, is evaluated before cochlear
implant surgery. In the results, all of 12 children with bilateral inner ear malforma-
tion showed delayed motor development; also all of four children with bilateral
CND showed delayed motor development.

Eleven of 12 children with bilateral inner ear malformation and two of four chil-
dren with CND showed reduced response to the initial rotational chair test. The
follow-up examination was carried out for all children with bilateral inner ear mal-
formation. As a result, all children with bilateral inner ear malformation (100 %)
began to show a distinct VOR compared to the initial examination.

Figures 10.1, 10.2, 10.3, and 10.4 no. 1 child with bilateral common cavity
deformity, first examination at the age of 2 years 6 months was no response. After
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Fig. 10.2 The time course and the duration of time for nystagmus during rotation of all 12 children
who had a bilateral inner ear malformation. The dashed line indicates control data by Kaga [2]
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Fig. 10.3 Plotted results of the beats of nystagmus during rotation of all four children who had a
CND. The dashed line indicates control data by Kaga [2]

2 years 3 months from first examination, at the age of 4 years 9 months who appeared
VOR clearly (Figs. 10.5, 10.6, and 10.7).

CND no. 1 child was tested at the age of 4 years and 4 months, but has no
response to the rotational chair test, because this child has severe CND (Figs. 10.8
and 10.9).
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Fig. 10.4 Plotted results of the duration of time for nystagmus during rotation of all four children
who had a CND. The dashed line indicates control data by Kaga [2]

Fig. 10.5 CT imaging of common cavity deformity of no. 1 child

The reason why the VOR did not appear in the initial examination, but began to
appear in the follow-up in this study. Taking from embryological knowledge, a
membranous labyrinth is completed viviparously in 9 months. However, the ves-
tibular sensory neuron is completed in 23 weeks time. Furthermore, the vestibular
nerve is completed in 5 months. Although the form of a membranous labyrinth is in
the state stopped in 6 weeks of viviparous time in common cavity malformation,
after that myelinization of the vestibular nerve and maturation of the sensory cells
embryologically [6, 7]. Figure 10.10 is drawn from embryological knowledge by
Masuda et al. [8]. In regard to cases with the common cavity, malformations were
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Fig. 10.6 Results of damped-rotation chair test at the age of 2 years and 6 months of no. 1 child

examined as an example. The appearance of the VOR with age in children with
inner ear malformation may be due to the maturation of the vestibular nerve, matu-
ration of the macula (vestibular sensory cells), or both (Fig. 10.10). In the case of
CND, there exist two types of CND: one is a normal vestibular nerve, and the other
is a vestibular nerve deficiency (Fig. 10.11).

Children with bilateral inner ear malformation or bilateral CND show a delay in
motor development in their infancy but acquire vestibular compensation from the
CNS or muscle tone due to the reflex from the vestibular labyrinth and growth. By
junior high or high school, the children can perform most exercises without prob-



134 T. Masuda and K. Kaga
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Fig. 10.7 Results of damped-rotation chair test at the age of 4 years and 9 months of no. 1 child.
VOR appeared and was compared with the results at the age of 2 years and 6 months

Fig. 10.8 CT imaging of CND no. 1 child who had severe CND
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Fig. 10.9 Results of damped-rotation chair test at the age of 4 years and 4 months of no. 1 child.
Direction of the rotation is left, but nystagmus-like eye movements appeared to the right. This eye
movement is unrelated to VOR
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3. Vestibular Nerve & Macula
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Fig. 10.10 Acquisition of the VOR in children with inner ear malformation [8]. (1) Development
of the vestibular nerve. (2) Maturation of the macula (vestibular sensory cells). (3) Both 1 and 2

1. Normal Vestibular Nerve 2. Vestibular Nerve Deficiency
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Fig. 10.11 The type of CND. (1) Normal vestibular nerve. (2) Vestibular nerve deficiency



10 Vestibular Development of Children with Inner Ear Malformation and Cochlear... 137

lems [3]. This study reconfirmed that head control and independent walking are
delayed if the acquisition of the VOR is insufficient. However, the VOR may be
acquired with growth even if it is reduced during early childhood. It is necessary to
accurately evaluate the vestibular function in children to determine the proper reha-
bilitation strategy [9].
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Chapter 11
Vestibular-Evoked Myogenic Potential After
Cochlear Implantion

Kimitaka Kaga and Yulian Jin

Abstract Vestibular-evoked myogenic potential (VEMP) recording is a new tool
for exploring the pathways from the sacculus, inferior vestibular nerve, and vestibu-
lar nucleus to sternocleidomastoid muscles (SCMs) in pediatric otology and neu-
rotology. c-VEMP (saccular origin) and o-VEMP (utriculus origin) are clinically
applied for a different diagnosis. After cochlear implantion, c-VEMPs are possible
to record because of an electrical current spread from cochlear nerve which stimu-
lates the inferior vestibular nerve.

Keywords VEMP e Sacculus ¢ Utriculus ¢ Vestibular development ¢ Cochlear
implantion

11.1 VEMPs of Normal Child Development

Although the muscle tone of neonates and young infants is poor compared with that
of grown children and adults, it is possible to record VEMPs from the SCM during
infancy and early childhood. Sheykholeslami et al. [1] reported that reproducible
biphasic VEMPs are recorded from the SCM of all the infants they examined (12
healthy infants and children, aged 1-12 months) using loud and short-tone burst
sounds. Typical developmental changes in VEMPs in infants and children are shown
in Fig. 11.1 [2]. In these normal infants and children, air-conducted sound evoked a
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Fig. 11.1 Typical developmental changes in vestibular-evoked myogenic potentials (c-VMEPs) in
normal infant and children

biphasic response (p13 and n23 peaks) of VEMPs that were of larger amplitude and
shorter latency than those in adults. The difference in VEMPs on the side of the
stimulated ear is due to developmental changes in the distance of the pathway
between the sacculus and the SCM and changes in the strength of muscles. However,
neonatal VEMPs varied in amplitude, with consistent timing for peak p13 but sorer
n23 latencies than those in adult VEMPs.

11.2 VEMPs in Infants with Congenital Profound
Hearing Loss

Colebatch et al. [3] showed that VEMPs were evident at a high incidence in patients
with profound sensorineural hearing loss, but that they were abolished in all of their
patients who underwent unilateral vestibular neurectomy. These authors also
reported the VEMPs were abolished in some but not all patients with unilateral loss
of a caloric response after vestibular neuritis. They hypothesized that VEMPs are of
vestibular origin and that the saccule is probably an acoustically sensitive organ.

In our study, 67 % of the 54 ears of 33 children with congenital profound hearing
loss showed normal VEMPs (Fig. 11.2), but 5 % of ears of the children showed
abnormal VEMPs with low amplitude. This is a surprising finding because they
cannot hear air-conducted loud click stimuli at all. However, they have VEMPs,
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Fig. 11.2 Click-evoked normal VEMPs (right) and audiogram (left) of a child with congenital
profound hearing loss

suggesting that VEMP testing can illuminate vestibular activity in deaf infants and
children.

Sheykholeslami et al. [4, 5] confirmed that saccular origin of this short-latency
acoustic response and that a saccular acoustic response persist in the human ear and
has a well-defined frequency tuning curve. Currently, recorded VEMPs are induced
using various stimuli including clicks [3], tone bursts [4], electrical stimuli [6],
bone-conducted sounds [7], and head taps [8].

11.3 VEMPs in Children with No Inner Ear Malformation
After Cochlear Implantation

The cochlear function of both ears is markedly impaired in infants and children who
are candidates for cochlear implantation. However, vestibular function is also
impaired in 10-20 % of such infants. After cochlear implantation, patients can hear
speech sounds, which are converted to electrical signals in a speech processor; these
signals are transmitted to the internal receiver under the scalp ad conducted to the
electrodes in the cochlea. Thus, cochlea nerves that are stimulated electrically con-
vey information to the central auditory brainstem pathway and auditory cortex.
There are two problems for vestibular end organs after cochlear implantation.
One is traumatic damage of vestibular end organs incurred following insertion of
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Fig. 11.3 Changes in VEMPs before and after cochlear implantation. (a) Before surgery. (b)
Switched-off cochlear implant (CI) after surgery and switched-on CI after surgery

the electrodes of the cochlear implant into the scala tympani. Tien and Linthicum
histopathologically analyzed the vestibular apparatus from human temporal bones
after cochlear implantation was carried out [9]. The other problem is that electrical
stimulation may spread not only the cochlear nerve but also the facial nerve or the
vestibular nerve in patients with a multichannel cochlear implant because of current
spread. Based on these findings, VEMPs are considered useful for evaluating elec-
trical current spread to the inferior vestibular nerve.

Jin et al. compared VEMPs before and after surgery [10]. Before surgery, 6 of the
12 children showed normal VEMPs, 1 showed a decrease in the amplitude of
VEMPs, and 5 showed no VEMPs. After surgery, with the cochlear implant switched
off, 11 showed no VEMPs, and 1 showed decreased VEMPs. These results reveal
that even normal VEMPS disappear owing to trauma following electrode insertion.
With the cochlear implant switched on, four children showed normal VEMPs, but
eight did not (Fig. 11.3). This can be explained by the fact that these four children’s
inferior vestibular nerves were stimulated by the spread of electrical current from
the cochlear implant. We questioned why one-third of these children with cochlear
implants showed VEMPs, but others did not. Later, Jin et al. demonstrated that
VEMPs evoked by cochlear implants may be related to an electrical current inten-
sity at a comfortable level (C level), particularly in channels that are closer to the
apical turn of the cochlea [11].
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The patients who showed no VEMPs with the cochlear implant switched on may
require higher current intensities to elicit clear VEMPs (if they need to be recorded).
However, it is difficult to increase current intensity in such children because they feel
pain or facial nerve stimulation when the current intensity is higher than the C level.

11.4 VEMPs in Children with Inner Ear Malformation
After Cochlear Implantation

Inner ear malformations and cochlear nerve deficiency (CND) present a major inner
ear disorder in approximately 20 % of children with congenital sensorineural hear-
ing loss [12]. They are usually characterized by profound hearing loss, and their
development delays gross motor functions such as head control or independent
walking, because such functions are related to abnormal inner ear structures [13].
However, it is not easy to unequivocally determine whether vestibular sensory cells
of semicircular canals and otolith organs or primary vestibular afferent neurons are
present in patients with inner ear malformations, particularly common cavity defor-
mity. In an embryological study, it has been found that, in the human fetal develop-
mental stage, the vestibular system develops earlier than the cochlear system [14].
Thus, it is speculated that sensory cells of vestibular end organs and vestibular affer-
ent neurons may be present in patient with inner ear malformations, which is similar
to early-stage inner ear development.

In our study, we reported that VEMPs could be elicited with the cochlear implant
switched on and suggested that the electrical stimulation of a cochlear implant may
directly stimulate the inferior vestibular nerve [10, 11]. If VEMPs are evoked with
the cochlear implant switched on, it suggests that some of the inferior vestibular
neurons are present. In contrast, if VEMPs are absent with the cochlear implant
switched on, it suggests that the inferior vestibular neurons may be absent.

Seven children with inner ear malformation and CND who underwent cochlear
implantation participated in this study (Table 11.1). The patients had common cav-

Table 11.1 Profiles of patients

Age at VEMP after CI

Patient surgery | Type of inner ear | CI | Speech Pulse

no. Ear | (years) | malformation type | processor |Strategy | width | Cloff | Clon

1 L |5 Common cavity | 24M | ESPrit 3G | ACE 25 |+ +

2 R |5 IP-II LVAS 24M | Sprint ACE 25 |- +

3 R |4 IP-I, narrow IAC | 24R | Sprint SPEAK | 200 |- +

4 L |3 Common cavity | 24M | Sprint SPEAK 50 |- +

5 R |3 IP-1 22M | ESPrit 3G | SPEAK 0 |- +

6 R |4 IP-1 24M | Sprint ACE 25 |- +

7 L |2 CND 24M | Sprint ACE 100 |- +

IP-I incomplete partition type I, IP-Il incomplete partition type II, JAC internal auditory canal, LVAS
large vestibular aqueduct syndrome, CI cochlear implantation, CND cochlear nerve deficiency
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ity deformity (n = 2), incomplete partition type I (n = 2), incomplete partition type
II (n=1), and CND. After surgery, VEMPs were recorded with the cochlear implant
device switched both off and on. All the patients showed VEMPs with the cochlear
implant switched on (Figs. 11.4 and 11.5).

pl3 50 d

5.0 msec
CI "off"
o n23
n " p13
CI "on' n23

pl3 100 ]

5.0 msec

Fig. 11.4 Patient 1: a 7-year-old boy, common cavity deformity, left cochlear implantation (CI).
CT scan demonstrated a deformity of the common cavity communicating with IAC. VEMPs were
present with the CI on [10, 11]
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Fig. 11.5 Patient 5: an 8-year-old boy, IP-I deformity, right CT. CT scan demonstrated IP-I defor-
mity. After CI, VEMPs were present with the CI on [10, 11]

In our study, two patients showed VEMPs before cochlear implantation and also
showed VEMPs after cochlear implantation with the cochlear implant switched on.
This suggests that in these cases the sensory cells of both saccule and inferior ves-
tibular neurons may be present. One patient showed no VEMPs before cochlear
implantation, but showed VEMPs with the cochlear implantation on. This suggests
that in this case the sensory cells of saccule may be absent, but the inferior vestibu-
lar neurons may by present.

Our results show that among the patients with inner ear malformations and CND,
there were two patients with sensory cells of saccule and inferior vestibular neurons
and at least five patients with inferior vestibular neurons only, but no patients
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without sensory cells and vestibular neurons, as determined on the basis of VEMPs
(Table 11.1). It was revealed that sensory cells of sacculus or inferior vestibular
neurons or both are present in cochlear implant patients with inner ear malforma-
tions and CND, particularly common cavity deformity, using VEMPs [15].
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Chapter 12

Speech and Hearing after Cochlear
Implantation in Children with Inner Ear
Malformation and Cochlear Nerve Deficiency

Yasushi Naito, Saburo Moroto, Hiroshi Yamazaki, and Ippei Kishimoto

Abstract Despite wide possibilities of morphological deformities, our series have
shown prevalence of several malformation types, IP-II (incomplete partition type II)
being most frequent followed by IP-I (incomplete partition type I) and CC (common
cavity). The speech perception and production outcomes after cochlear implanta-
tion were best in IP-II, which were comparable to those in controls without malfor-
mation, followed by IP-I and CC. It is important to note, however, that significant
improvement in speech perception was observed even in CC anomaly, which is the
severest malformation included in the present study. The number of functioning
electrodes was less than default in some ears with CC and IP-I deformities, and
adjustments of the current level and pulse width were necessary in some electrodes
in these groups. The electrophysiological and audiometric data in CC deformity
indicated that auditory neuronal elements are mainly distributed in the anteroinfe-
rior part of the cavity. Both the relative diameter of the vestibulocochlear nerve and
the presence or absence of reproducible electrically evoked brainstem responses
were significantly associated with cochlear implant outcomes in patients with
cochlear nerve deficiency.

Keywords Common cavity ¢ Incomplete partition * Map ¢ Speech perception
Electrode ¢ Spiral ganglion neurons * Cochlear nerve deficiency * EABR
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Table 12.1 Inner ear anomalies that underwent cochlear implantation in Kobe City Medical
Center General Hospital

Number of

Anomalies Number of ears patients
Inner ear Common cavity* 10 10

1P-1 13 11

IP-11 18 14

EVA 9 7

CH-III° 6 3

Lateral canal hypoplasia 1 1

unclassified* 3 3
Internal auditory TAC stenosis 3 2
canal CNC stenosis 6 6
Total 69 57

CC common cavity, /P incomplete partition, EVA enlarged vestibular aqueduct, CH cochlear hypo-
plasia, IAC internal auditory canal, CNC cochlear nerve canal

Five ears were with cochlear nerve deficiency

"Two patients had CHARGE syndrome, three ears with IAC stenosis, one ear with CNC stenosis,
and two ears with duplicate IACs

‘Waardenburg syndrome, CHARGE syndrome, and Down syndrome with inner ear anomaly

12.1 Introduction

Morphological abnormalities of the inner ear vary widely since there are multiple
sites that can be malformed: the cochlea, the vestibule, and the internal auditory
canal. The anomalies encountered in clinical practice, however, are not equally dis-
tributed, but several types prevail and others are rare. The number of the ears and
patients who had inner ear and/or internal auditory canal anomalies and underwent
cochlear implantation (CI) in our clinic is shown in Table 12.1. The IP-II anomaly
was most frequent (26 % of all ears with anomalies), followed by IP-1 (19 %) and
common cavity (CC) (14 %). As for the anomaly of the internal auditory canal
(IAC), stenosis of cochlear nerve canal (CNC) was more frequent than IAC steno-
sis. Not only inner ear and IAC anomalies but also hypoplasty of the cochlear nerve
(cochlear nerve deficiency or CND) influence CI outcomes. In this chapter, we
report CI outcomes of patients with inner ear anomalies, focusing on CC, IP-1, IP-II,
and CND, and discuss on their pathophysiologies.

12.2 Speech Perception in CC, IP-I, and IP-1I

12.2.1 Introduction

Common cavity anomaly lacks separation between the cochlear and vestibular part of
the inner ear. In contrast, the cochlear and vestibular regions are individually identi-
fied in the inner ear of IP-I and IP-II, but both lack bony partitions within the cochlea,
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Table 12.2 The subjects included in the present investigation
Age at Follow-up | Cl-aided
surgery Concomitant period threshold
(months) CND Electrode array (months) (dB)
CC: 7 ears 30.4 +6.1 2 ears CI24M: 1 ear, 358+9.8 41.1+39
CI24RE(ST): 4 ears,
Cl422: 2 ears
IP-I: 9 ears 32.5+20.4 |None CI24RE(ST): 8 ears, |354+9.1 349 +4.1
CI24R(CA): 1 ear
IP-1I: 11 71.1 £55.8 | None CI24M: 2 ears, 35.8+9.1 30.3+4.1
ears CI24R(CS): 3 ears,
CI24RE(CA): 5 ears,
90 K: 1 ear
Controls: 22 1 32.8 +18.3 None CI24R(CS): 1 ear, 377+139 |284+1.7
ears CI24RE(CA): 20
ears, 90 K: 1 ear

Aided thresholds = (500 Hz + 1,000 Hz + 2,000 Hz + 4,000 Hz)/4, controls: GJB2 gene mutation
without anomaly

CND cochlear nerve deficiency, CI cochlear implant, CC common cavity, /P-I incomplete partition
type I, IP-1I incomplete partition type II

partly or completely. While the osseous structure of the basal turn including the modi-
olus is formed in IP-II, the bony modiolus is missing in IP-I. Thus, the primary audi-
tory neurons exist at the center of the cochlea in IP-II, while the distribution of auditory
neurons of IP-I varies and is not always located at the central region in the cochlea.
Since patients with common cavity and IP-I anomalies have profound deafness at
birth, cochlear implantation is the only strategy for them to obtain auditory percep-
tion. In contrast, patients with IP-II anomaly often have residual hearing, primarily in
low frequencies, at birth, and there are children who acquire spoken language with
hearing aids. Their hearings, however, usually deteriorate with age, and cochlear
implants take over the role of hearing aids. Anatomical differences among these
anomalies influence postoperative hearing and spoken language development.

12.2.2 Speech Perception Test Results

We performed cochlear implantation in 69 ears of 57 pediatric patients with malfor-
mations in the inner ear and/or in the internal auditory canal. Among them, 27
patients reached the age range at which speech perception test was possible and had
been followed up more than 1 year after surgery. The test results of 27 ears in
these patients, 7 ears with CC, 9 with IP-I, and 11 with IP-II anomaly, were studied
(Table 12.2). The results of 22 pediatric CI patients whose hearing loss had been
confirmed to be due to GJB2 gene mutation and without inner ear malformation



150 Y. Naito et al.

were used as controls. Children with mental retardation and pervasive developmen-
tal disorders were excluded from the current study.

The mean age at implantation in IP-II was 71.1 months, which was much higher
than the other groups (Table 12.2). The delay of CI surgery in IP-II children was due
to their usable residual hearings that enabled them to, at least partly, acquire speech.
But they lost hearing afterward and underwent cochlear implantation.

12.2.2.1 CI-Aided Thresholds

The CI-aided thresholds in CC, IP-1, IP-II, and control group are listed in Table
12.2. The thresholds of patients were highest in CC group, followed by IP-I. The
aided thresholds of IP-II group were significantly lower than those of CC and IP-I,
exhibiting no significant difference between controls.

12.2.2.2 Monosyllable Perception Scores

The monosyllable perception scores in each group are shown in Fig. 12.1. The
scores were lowest in CC, followed by IP-I. The scores in IP-II and the control
groups were about 80-90 % and did not differ from each other. The scores in CC
and IP-I groups were significantly lower than those in IP-II and control groups.

12.2.2.3 Word Perception Scores

Figure 12.2 shows the word perception scores of CC, IP-I, IP-II, and control groups.
The results are similar to monosyllable perception scores. The mean score of IP-1I
was 93.7 %, which was very close to 95.3 % in controls. The scores for IP-I and CC
were 82.2 % and 54.3 %, respectively, which were lower than those of IP-II and
controls, but the difference between each group is smaller compared to monosylla-
ble tests.

12.2.2.4 CAP Score and SIR Scale

To assess the spoken language development in daily life situations, we examined
Categories of Auditory Performance (CAP) and Speech Intelligibility Rating (SIR)
Scale.

Categories of Auditory Performance (CAP) is an index consisting of eight perfor-
mance categories arranged in order of increasing difficulty [1]. The category O means
no awareness of environmental sound, 1 awareness of environmental sounds, 2
response to speech sounds, 3 identification of environmental sounds, 4 discrimination
of speech sounds, 5 understanding of phrases without lip reading, 6 understanding of
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Fig. 12.1 Monosyllable perception scores

conversation without lip reading, and 7 use of the telephone. The mean CAP score in
IP-II group was 6.4, which was the same as in control group, corresponding to the
level of understanding conversation without lip reading, and sometimes telephone can
be used. The mean scores of IP-I and CC children were 5.7 and 4.5, respectively,
which were one and two levels below that of IP-II and controls (Fig. 12.3).

The Speech Intelligibility Rating (SIR) Scale is used as a framework to rank the
child’s spontaneous speech production into one of five hierarchic categories: (1)
pre-recognizable words in spoken language, (2) connected speech is unintelligible
but is developing for single words, (3) connected speech is intelligible to a listener
who concentrates and lip-reads within a known context, (4) connected speech is
intelligible to a listener who has little experience of a deaf person’s speech (the lis-
tener does not need to concentrate unduly), and (5) connected speech is intelligible
to all listeners (the child is easily understood in everyday contexts). SIR is not a
performance test and was designed as a time-effective global outcome measure of
speech production in real-life situations [2]. The mean SIR scores were as high as
4.8 and 4.6 in IP-II and control groups, and, again, the scores were 1 and 2 points
lower in IP-I and CC groups, respectively (Fig. 12.4).
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Fig. 12.2 Word perception scores

12.2.3 Mapping Characteristics in Children with an Inner Ear
Anomaly

The CIs used in the current pediatric patients were all cochlear devices. In principle,
electrode arrays with straight configuration (CI24M, CI24RE-ST, CI422) were
selected in CC and IP-I patients, with an exception in which pre-curved electrode
(CI24R-CS) was used in one IP-I patient. In contrast, pre-curved arrays (CI24R-CS,
CI24RE-CA) were used more in IP-II and in control group with three exceptions in
which straight-type electrode arrays (two CI24M and one CI422) were selected.
The initial values of mapping parameters, pulse width, stimulation rate, and maxima
(the number of electrodes for stimulation to extract sound features), are set at 25 ps,
900 Hz, and 8, respectively. The map for each patient is created by gradually raising
the sound intensity from the T level (threshold level) until the charge reaches the C
level (maximum comfort level) by observing the responses to the sound. If the
charge amount corresponding to T level and C level is not attainable within default
current range, a pulse width is widened to create a map at lower current levels. Such
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adjustments are often necessary in anomalous inner ears, and there are even cases in
which certain electrodes are determined to be unusable due to lack of auditory
responses in spite of thorough adjustments.

12.2.3.1 Number of Usable Electrodes

The numbers of usable electrodes that elicited auditory responses ranged from 8 to
22 in CC group, 18-22 in IP-I group, and all 22 in IP-II group (Table 12.3). The
numbers of usable electrodes were less in patients with smaller cavities in CC

group.
12.2.3.2 The Amount of Charge Used in Electrodes
The amount of charge per phase for T levels (mean + standard deviation) was 26.3

+ 13.4 nC for the CC group, 12.8 + 3.3 nC for the IP-I group, 5.6 + 1.8 nC for the
IP-II group, and 4.7 + 1.3 nC for the control group (Table 12.3). The amount of
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charge used in the CC and IP-I groups was significantly greater than that of the
control group (p < 0.01). There was no significant difference between the IP-II and
control groups.

The amount of C level charge was 66.3 + 35.1 nC for the CC group, 29.3 £ 5.3
nC for the IP-I group, and 15.4 + 6.5 nC for the IP-1I group, while it was 12.7 + 3.4
nC for the control group (Table 12.3). Charge in CC and IP-I groups was signifi-
cantly greater than that in the control group (p < 0.01). Again, there was no signifi-
cant difference between the IP-II and control groups.

12.2.3.3 Modification of Routine Mapping Procedures

Our initial setting for pulse width was 25 ps, which was sufficient for one ear in the
CC group (14.3 %), one ear in the IP-I group (11 %), and all ears in the IP-1I and the
control groups (Table 12.3). There was a need to set the pulse width wider than 25
ps in six ears in the CC group and eight ears in the IP-I group. Of these 14 ears,
for two ears in the CC group and for six ears in the IP-I group, it was possible to
ensure the appropriate amount of charge corresponding to C level by expanding the
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Table 12.3 Mapping parameters

Amount of charge
per phase for T and
C levels (nC)? Pulse width and facial stimulation below
(mean = SD) C level
Pulse width
Number of Pulse | >25 ps without | Facial
functioning width | facial nerve stimulation
Groups electrodes Tlevel |Clevel |=25ups |stimulation below C level
CC (7 8 (1 ear) 26.3 66.3 + 1 ear 2 ears (28.6 %) |4 ears (57.1)%
ears) 17 (2 ears) 13.4° 35.1° (14.3
22 (4 ears) %)
IP-1 (9 18 (1 ear) 12.8 = 2903 + 1 ear 6 ears (67 %) 2 ears (22 %)
ears) 22 (8 ears) 3.3% 5.3° (11 %)
IP-II (11 22 (all 11 5.6+ 154 + 11 ears | None None
ears) ears) 1.8 6.5 (100
%)
Controls 22 (all 22 47 + 12.7 £ 22 ears | None None
(22 ears) ears) 1.3 34 (100
%)

CC common cavity, /P-I incomplete partition type I, IP-II incomplete partition type II
*Amount of charge in nanocoulomb (nC) = amount of current (p A) x pulse width (ps) x 1000
P < 0.01 larger than controls (Kruskal-Wallis, Mann-Whitney U test, Bonferroni correction)

pulse width from 37 to 88 ps and without encountering facial nerve stimulation.
Nevertheless, for four ears in the CC group and two ears in the IP-I group (Table
12.3), increasing the current level stimulated the facial nerve, and securing a charge
amount corresponding to the C level was challenging. As a result of re-adjusting the
map through further expansion of pulse width, for five out of the six ears, we were
able to reach C level before encountering facial nerve stimulation. Nevertheless, for
the one remaining ear, it was not possible to suppress the facial nerve stimulation,
and maximum stimulation remained at a lower value than the charge amount cor-
responding to the C level.

12.3 Discussion on Speech Perception and Map Parameters

The results of cochlear implantation in patients with inner ear malformations have
been reported by many authors. Despite wide possibilities of morphological defor-
mities, our series have shown prevalence of several malformation types, IP-II being
most frequent followed by IP-I and CC, which is similar to previous results includ-
ing the one by Sennaroglu et al. [3]. These findings indicate general patterns for
inner ear malformation occurrence and the importance of detailed analysis on CI
outcomes in CC, IP-I, and IP-II.
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It is important to check whether patients with mental retardation or developmen-
tal disorder are included in the study or not when interpreting the CI outcomes of
patients with inner ear malformations. In overall, children suffering from develop-
mental disorder [4] or mental retardation [4, 5] do not progress as well as the non-
delayed children after cochlear implantation. In the current study, we excluded
patients with developmental disorders and those with mental retardation. Thus, our
results may reflect the difference in inner ear morphology and spiral ganglion cells
between malformation and normal anatomy cases.

On speech perception and production outcomes, the results in IP-II were compa-
rable to those in controls and significantly better than those observed in CC and IP-I,
which are in line with the findings in previous studies [6—8]. Although osseous
modiolus and interscalar septa of cochlear upper turns are missing in IP-II anomaly,
neurosensory elements and SG cells exist not only in the basal turn but in the upper
region in approximately the same location as in the cochlea without anomaly [9],
which may be the reason for IP-II's good CI outcomes. We may not have to expect
significant disadvantage in CI-mediated speech perception in patients with IP-II
anomaly when considering their indication for CI.

Although speech perception scores of CC patients using CI were lower than
those in IP-II and control groups, it is important to note that significant improve-
ment in speech perception was observed even in CC anomaly, which is the severest
malformation included in the present study. Similar positive effects of CI on spoken
language development in CC patients have been reported [7, 8].

The number of functioning electrodes was less than default in three ears in CC
and one ear in IP-I groups, but all electrodes could be activated in all ears in IP-II
and in control groups. Vera et al. [10] also reported that the number of functioning
electrodes was significantly less in patients with malformed inner ear compared to
those in patients without malformation. Significant differences were observed
between the major and minor malformation groups in their study. As for mapping
parameters, we found that the amount of charge per phase for T and C levels was
significantly higher in CC and IP-I groups, which is also the same tendency observed
in the previous investigation [10]. In most patients in CC and IP-I groups in the pres-
ent study, pulse width had to be adjusted wider than the default value of 25 ps, sug-
gesting that more charge was necessary to activate sufficient number of SG neurons
and bring about sound sensation.

In the present study, four (60 %) of the seven CC patients and two (22 %) of the
nine IP-I patients experienced CI-mediated facial nerve stimulation (FNS), which is
consistent with the previous study reporting the high frequency of FNS among
patients with inner ear malformations who had implants [11-13]. In cases with a
severe inner ear malformation, high current level and/or increased pulse width are
often required to achieve good auditory performance [13, 14], suggesting a neces-
sity to adjust the current level to an appropriate value that is high enough to provide
sufficient auditory input but lower than the threshold for FNS. The stimulus ampli-
tude cannot be increased higher if it reaches the level of facial nerve stimulation,
which practically limits the dynamic range of the CI map.
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Lack of tonotopy in the cochlea and smaller number of SG neurons in inner ears
with malformations [15—17] may underlie their relatively lower CI outcomes. It has
been reported that at least 10,000 SG neurons may be necessary for speech discrimi-
nation by CI [18]. However, there is also a report discussing that benefit from CI can
be obtained in patients with as few as 3,300 SG cells [19]. Kahn et al. [20] reported
that significant correlation between psychophysical measures and SG neuron counts
was found in only two of the five subjects they examined. Auditory perception by
CI with fewer SG cells may be achieved by higher neural synchrony of SG cells
activated by direct electrical stimulation. Possible redundancy in cochlear innerva-
tion [6] and plastic reorganization of cortical language networks [21] may also con-
tribute to successful perception and production of speech through CI. The shape and
placement of the electrode array in the inner ear cavity, especially in CC deformity,
influence the outcomes of CI, which will be discussed in the following section.

12.4 Distribution of Auditory Neurons in Common Cavity
Anomaly

12.4.1 Introduction

Effective stimulation of SG neurons by CI electrodes is necessary for better CI out-
come, but the spatial distribution of SG cells and auditory nerve fibers is unclear in
CC deformity because of no differentiation between the cochlea and vestibule in
addition to the lack of a modiolus. Electrically evoked auditory brainstem responses
(EABRs) using Cl-mediated stimulus can be used for the objective evaluation of
auditory neuronal responses in the brainstem [6, 14, 22]. In this section, we show
the results of our previous EABR investigation [23] on the spatial distribution of
auditory neurons in CC deformity.

12.4.2 CI-Mediated EABR Findings in CC Patients

We retrospectively examined five patients with CC deformity with congenital pro-
found sensorineural hearing loss who underwent cochlear implantation at our hos-
pital from 2005 to 2013. Mean age at implantation was 27.4 months, and the mean
follow-up period was 26.0 months. Nucleus device with 22 active electrodes
(Ch1-Ch22), including CI24RST, CI24REST, or CI422, was implanted in all
cases. Intraoperative EABR testing was performed with Nucleus Custom Sound
EP software using MP 1 + 2 mode. The EABR was recorded with a filter setting
of 20 Hz to 3 kHz on the opposite side to minimize artifacts of the implanted
device.
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In Case 1 (Fig. 12.5), the radiograph obtained during the initial cochlear implanta-
tion demonstrated that most of the electrodes were located within the CC deformity,
but the Cl-aided performance was still poor even after 1 year of use of CI. EABR
elicited a reproducible evoked wave V (eV) only at 2 of 11 tested electrodes. Thus,
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Fig. 12.5 Results of EABR testing in Case 1 before and after the reimplantation. (a) EABR testing
after the initial implantation with the showing eVs in Ch17 and Ch19 among the 11 tested electrodes.
The latency of these eVs is approximately 5 ms (arrowheads). (b) A maximum intensity projection of
the T2-weighted magnetic resonance image of the CC deformity on the implanted side. The anteroin-
ferior part of the CC deformity (AI) is smaller than the posterosuperior part (PS). (¢) Radiograph of the
initial implantation. (d) EABR testing after the reimplantation showing a distinct eV in 7 of 22 elec-
trodes. The latency of these eVs ranges from 3.8 to 4.1 ms (arrowheads). (e) Radiograph after the
reimplantation demonstrating that electrodes with a positive eV (circles) are located in the anteroinfe-
rior part of the CC deformity (dotted line) (Cited from Ref. [23] with permission)
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we performed reimplantation surgery with wider labyrinthotomy, resulting in suc-
cessful placement of the electrode array in the anteroinferior region of the inner ear
cavity, obtaining appropriate eV at seven electrodes. In the other four patients, post-
operative CT images showed the optimal position of the electrode array, requiring no
revision surgery. Although the size and shape of each CC deformity differed among
the cases (Fig. 12.6a—d), electrodes inserted in the anteroinferior cavity successfully
elicited eVs in all four cases, similarly to Case 1 (Fig. 12.6e—h).
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Fig. 12.6 Results of EABR testing in Cases 2-5. (a—d) Maximum intensity projection of
T2-weighted magnetic resonance images of the CC deformity on the implanted side. Al and PS
indicate the anteroinferior and posterosuperior parts of the CC. (e-h) Electrodes with a positive eV
(circles) are located in the anteroinferior part of the CC. (i-1) EABRs for three representative elec-
trodes. The latency of these eVs is approximately 4 ms in all cases (arrowheads) (Cited from Ref.
[23] with permission)
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Before implantation, no patient could detect sounds, that is, their preoperative
CAP score was zero, but auditory perception improved after activation of the CI in
all patients. The postoperative CAP score reached to 6 in Cases 1 and 2 who had
used their CI for more than 2 years, and their speech discrimination scores of closed-
set infant words were 76 % and 80 %, respectively. The other three patients, Cases
3,4, and 5, who had used their CI for less than 2 years, showed CAP scores of 4, 3,
and 3, respectively, and Case 3 showed 40 % of the infant word discrimination
score.

12.4.3 Discussion on CI-Mediated EABR in Common Cavity
Anomaly

The present results demonstrated that reproducible eVs were elicited by activating
electrodes that were located at the anteroinferior part of the CC deformity in all
patients. The electrophysiological and audiometric data indicate that auditory neu-
ronal elements are mainly distributed in the anteroinferior part of the CC deformity.
In the normal development of an inner ear, the ventral portion of the otic vesicle
elongates in the ventral direction, initiating cochlear development [24]; therefore,
the anteroinferior part of CC deformity might be programmed to differentiate to a
cochlea. These findings support our conclusion regarding the anteroinferior
distribution of auditory neuronal tissue in CC deformity.

Case 1 who showed eV only at 7 (31.8 %) of 22 electrodes exhibited 6 in CAP
score and 76 % in the infant word discrimination test at 4 years after the initial
implantation, which are similar to those observed in the 2-year postoperative Case
2 who showed eV at almost all electrodes (81.8 %). These data suggest that even if
the only limited number of electrodes shows eV in EABR testing, the patient might
achieve sufficient CI-aided auditory performance after long-term use of the CI with
an appropriate program.

12.5 Cochlear Nerve Deficiency

12.5.1 Introduction

Hypoplasia and aplasia of the cochlear branch of the vestibulocochlear nerve, called
cochlear nerve deficiency (CND), are defined by an absent or a small cochlear
branch of the vestibulocochlear nerve (cochlear nerve) on MRI [25-27]. Several
studies have reported that congenitally deaf children with CND show significantly
poorer auditory performance using CI than children without CND [26, 28]. However,
many patients with CND understood some words in a closed-set word
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discrimination test using CI [26, 28]. Previous studies investigating CI children with
CND demonstrated that the CI outcomes were correlated to the type of malforma-
tion on CT and MRI and the result of intracochlear EABR [26, 28]. In this section,
we show the results of our previous collaborative research by the University of
Melbourne and Kobe City Medical Center General Hospital [29], aiming to estab-
lish a strategy of preoperative and intraoperative objective examinations to discrimi-
nate CND patients with poor CI outcomes from those with satisfactory CI
outcomes.

12.5.2 Patients, Methods, and Results

A retrospective examination of 19 congenital deaf children with CND who under-
went cochlear implantation at Kobe City Medical Center General Hospital or
Melbourne Cochlear Implant Clinic from 2003 to 2013 was conducted. The mean
age at implantation was 26.7 + 11.5 months, and the median follow-up period was
34 months. Nucleus devices were implanted. Simultaneous and sequential bilateral
cochlear implantations were performed in one and four children, respectively.

Narrow internal auditory canal (NIAC) was defined by the width of midpoint of
the IAC being narrower than 2 mm [6]. Hypoplasia of bony cochlear nerve canal
(HBCNC) was defined by less than 1.4 mm in the diameter of the bony cochlear
nerve canal as well as a normal width of the IAC on CT images [25]. NIAC was
identified on the implanted side of six patients, HBCNC in six patients, cochlear
aplasia (CA) in one patient, CC in five patients, and CH-III in two patients. MRI
was acquired using a 1.5-T or 3.0-T system, which failed to visualize a definitive
bundle of a cochlear nerve at the fundus of the IAC in all patients, on the basis of
which CND was diagnosed. For each case, the relative diameter of the vestibuloco-
chlear nerve compared to the facial nerve was evaluated at the cerebellopontine
angle (CPA). The vestibulocochlear nerve was smaller than the facial nerve at the
CPA in seven children, whereas it was equal to or larger than the facial nerve in the
remaining 12 (Fig. 12.7). Intracochlear EABR testing was performed in the opera-
tion room using Nucleus Custom Sound EP software, of which details are described
in our previous report [23].

Auditory performance with the CI was evaluated using CAP scores [1].
Preoperative and postoperative CAP scores in this population with CND were 0.2 +
0.4 and 3.0 + 2.1, respectively, and significant improvement in the auditory perfor-
mance was observed after cochlear implantation. Children with relatively thin ves-
tibulocochlear nerves “CN7 > CN8” had significantly poorer performance:
postoperative CAP scores 1.1 = 1.5, compared to those with more normal sized
nerves “CN7 <= CN8,” CAP score 4.1 + 1.5 (Fig. 12.8a). With respect to the EABR
testing, the postoperative CAP score was 4.3 + 1.2 in those with “positive eV,”
which is significantly higher than 1.8 + 1.9 in those with “negative eV” (Fig. 12.8b).
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Fig. 12.7 Evaluation of relative diameter of the vestibulocochlear nerve compared to the facial
nerve at CPA using MRI. MRI shows the vestibulocochlear nerve (arrows) and the facial nerve
(arrowheads) at the CPA. (a) “CN7 > CN8,” (b) “CN7 <= CN8” (Cited from Ref. [29] with
permission)
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Fig. 12.8 A relationship between objective examinations and postoperative CAP scores. (a) A
relationship between the MRI findings and postoperative CAP scores. (b) A relationship between
the EABR results and postoperative CAP scores (Cited from Ref. [29] with permission)
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Although the results of MRI and EABR testing were significantly associated
with postoperative CI outcomes, each examination failed to clearly discriminate
patients with poor CI outcomes from those with satisfactory CI outcomes.
Combination of the results of MRI and EABR testing allowed better discrimination
between children with limited or no benefit from a CI and those with moderate or
good Cl-aided auditory performance. All of the six patients who were categorized
into both “CN7 > CN8” and “negative eV” exhibited less than or equal to 3 in the
postoperative CAP scores, and four of them (66.7 %) showed no response to sound
(CAP score of 0) even after 2 years of CI use. On the contrary, all of the eight chil-
dren who showed “CN7 <= CN8” on MRI and “positive eV’ on EABR testing
reached greater than or equal to 3 in the CAP scores within 2 years after implantation,
and six of them (75.0 %) discriminated at least some speech sounds without visual
support (CAP score of 4).

12.5.3 Discussion on CI in Cochlear Nerve Deficiency

In this investigation, we found that both the relative diameter of the vestibuloco-
chlear nerve in the CPA as seen on the preoperative MRI and the presence or absence
of reproducible eVs with typical latency in the intraoperative EABR testing were
significantly associated with postoperative auditory performance with CI. It was
also demonstrated that the combination of MRI and EABR testing achieved more
precise discrimination immediately after cochlear implantation between patients
with no or limited benefit from CI and those with moderate to good CI outcomes
than independent use of either.

CND is thought to diminish development of auditory perception with CI because
of a small number of SG neurons [30]. A previous histological study showed that the
count of the SG neurons was predicted by the maximum diameter of the main trunk
of the vestibulocochlear nerve [31]. Theoretically, the counts of SG neurons relate
to the size of the cochlear nerve more strongly than the main trunk of the vestibulo-
cochlear nerve; however, accurate measurement of the diameter of the cochlear
nerve is often difficult. Therefore, evaluation of the vestibulocochlear nerve at the
CPA is reasonable to prevent underestimation in specific types of malformations.

Regarding the other groups, “CN7 > CN8/positive eV and “CN7 <=CN8/nega-
tive eV,” interpretation is not straightforward because the results of MRI and the
EABR testing are contradictory. In the patient categorized in “CN7 > CN8/positive
eV,” the detection of eV suggests the auditory brainstem was activated by CI, but the
number of SGNs was not enough to discriminate speech sounds. Among the four
subjects with “CN7 <=CN8/negative eV,” three children showed 2 or 3 in the post-
operative CAP score, suggesting hypoplasia of the cochlear nerve component.

The current data may be informative to decide the treatment strategy in congeni-
tally deaf children with CND.
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