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7.1  Introduction

The ear or vestibulocochlear organ is composed of external,
middle and inner parts (Fig. 7.1). The external ear consists of
the auricle and the external acoustic meatus with the outer
layer of the tympanic membrane. The middle ear is formed
by the tympanic cavity, the auditory ossicles and the inner
layer of the tympanic membrane. The inner ear comprises
the labyrinth, a series of fluid-filled spaces in the petrous part
of the temporal bone. The auditory part of the inner ear con-
sists of the cochlea with the organ of Corti, which contains
hair cells as auditory receptors. Receptors sensitive to high
frequencies are located near the cochlear base and those sen-
sitive to low frequencies near the apex of the cochlea. The
hair cells are innervated by the peripheral processes of bipo-
lar ganglion cells in the spiral ganglion. Their central pro-
cesses form the cochlear division of the vestibulocochlear
nerve and terminate in the cochlear nuclei. The principal
auditory pathway passes from the cochlea, via the cochlear
nuclei, the inferior colliculus and the medial geniculate body
(MGB) to the contralateral auditory cortex on the dorsal sur-
face of the superior temporal gyrus. Each MGB is bilaterally
innervated, so that each hemisphere receives cochlear input
bilaterally. All of the components of the auditory pathway
are tonotopically organized.

At birth, humans have about 20,000 inner and outer hair
cells in the organ of Corti, which often do not last a lifetime
as they do not regenerate when lost (Stone et al. 1998). By
the age of 65-75 years, many individuals have a bilateral,
high-frequency progressive hearing loss known as presbycu-
sis associated with hair cell attrition. Hair cell loss is_the
most common cochlear defect causing hearing impairment
in presbycusis and noise-induced hearing loss. Hearing dis-
orders due to brain stem lesions are rare because of the bilat-
eral projections of the central auditory pathways. Midline
pontine lesions may result in impaired sound localization
due to interruption of the input of the superior olivary com-
plex (see Sect. 7.3.2 and Clinical case 7.2). Disorders of
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Fig. 7.1 Overview of the ALY
external, middle and internal ear
(from Brodel 1946)

auditory perception may follow strokes in the territory of the
internal carotid arteries or of the vertebrobasilar system. The
central disorders of auditory perception may result from
lesions of either the right and the left or both cerebral hemi-
spheres, usually involving parietotemporal cortical areas as
illustrated in Clinical cases (see Sect. 7.4.4).

7.2 The Cochlea and the Cochlear Nerve

The Middle Ear and the Cochlea:
Mechanical Transmission of Sound

7.2.1

The middle ear comprises the tympanic cavity, the tympanic
membrane, the three auditory ossicles, two middle ear muscles,
air-filled cavities formed by the mastoid antrum and mastoid
air cells, and the auditory tube. The tympanic cavity commu-
nicates with these air-filled cavities and through the auditory
tube with the nasopharynx (Fig. 7.1). The three auditory ossi-
cles are the hammer or malleus, the anvil or incus and the stir-
rup or stapes. The head of the malleus is anchored (o the
tympanic membrane, whereas the base of the stapes is con-
nected to the fenestra vestibuli or oval window. Sound waves
set the tympanic membrane into vibrating movements, which
via the auditory ossicles are transmitted to the inner ear. The
inner ear or cochlea is a fluid-filled tube that is coiled two and
a half times. In cross-section, it has a broad base, a pointed apex
and a central pillar called the modiolus. The osseous labyrinth
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communicates with the tympanic cavity through two openings
in its medial wall, the oval window or fenestra vestibuli and
the round window or fenestra cochleae. The oval window is
closed by the base of the stapes, so that vibrations of the audi-
tory ossicles are transmitted to the perilymph of the inner ear.
Motion of the auditory ossicles is modified by two small
middle ear muscles, the tensor tympani and the stapedius.
The tensor tympani is the Jargest of the two. It is attached to
the handle of the malleus and is innervated by the trigeminal
nerve. The smaller stapedius attaches anteriorly to the head of
the stapes and is innervated by the facial nerve. The stapedius
and tensor tympani motoneurons form separate cell groups,
situated close to the facial and motor trigeminal nuclei, respec-
tively (Lyon 1978; Mizuno et al. 1982: Shaw and Baker 1983).
The stapedius functions to protect the auditory receptors of the
inner ear against excessive stimulation caused by too strong
sound pressure. The sound pressure depends on the amplitude
of the waves: the greater the amplitude, the higher the sound
pressure. The stapedius contracts in response to sounds above
70 dB (the intensity of loud conversation), damping the move-
ments of the auditory ossicle chain. The tensor tympani con-
tracts to louder sounds, especially impulse noises. The acoustic
middle ear reflex includes projections from the ventral
cochlear nucleus via the superior olivary nuclear complex to
the motor nuclei of the trigeminal and facial nerves (Borg 1973).
With electro-acoustic impedance measurements, stapedius
muscle contraction can be readily detected in response 0
ipsilateral or contralateral sound, giving objective information
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Fig.7.2 The foetal cochlear
duct. At 16 weeks of develop-

. ment, the cochlear nerve (cn)
fibres pass through a central
pillar, the modiolus (mod),
whereas their cells of origin form
the spiral ganglia (spg). Below,
details of the spiral organ are
shown for 25 weeks of develop-
ment. Abbreviations: bm basilar
membrane; ¢d cochlear duct; ihe.
ohc inner and outer hair cells;

st scala tympani: sva stria
vascularis; sve scala vestibuli:

1C tunnel of Corti; 1m tectorial
membrane: 1 vestibular
(Reissner) membrane (from ten
Donkelaar et al. 2006)

about the functional state of the middle and the inner ear, the
auditory and facial nerves and the central auditory pathways in
the lower brain stem. Ipsilateral and contralateral measure-
ments can distinguish between right, left and midline lesions
of the lower brain stem (Hayes and Jerger 1981).

The cochlea is composed of three chambers or scalae: the
scala vestibuli, the scala media and the scala tympani, sepa-
rated from each other by the vestibular membrane of Reissner
and the basilar membrane (Fig. 7.2). The inner scala media is
filled with endolymph, which is rich in potassium and has the
character of intracellular fluid. The perilymph of the outer
scalae vestibuli and tympani has approximately the same
composition as the cerebrospinal fluid. The two perilymph
compartments form one space, since they are continuous
with each other at the apex of the cochlea (the helicotrema).
The perilymph drains to the subarachnoid space. The scala
media or cochlear duct contains the organ of Corti, which
rests on the basilar membrane (Fig. 7.3). The superior wall of

the cochlear duct (the membrane of Reissner) angles down-
wards from lateral to medial, making the cochlear duct wedge
shaped. The lateral wall is the stria vascularis. The thickened
epithelium that constitutes the organ of Corti can be divided
into hair cells and supporting cells. The hair cells are the
sensory receptor cells of which there is a single row of inner
hair cells and three rows of outer hair cells. The supporting
cells include the inner and outer pillar cells, which are sepa-
rated by the tunnel of Corti extending the length of the
cochlea. Both the hair cells and the supporting cells are over-
laid by the gelatinous tectorial membrane. In humans, there
are 12,000 outer hair cells in three rows at the basal turn,
increasing to four to five rows in the second and apical turns,
and 3,500 inner hair cells in a single row (Retzius 1884;
Bredberg 1968; Kimura 1975). On their apical side, the hair
cells contain contractile proteins, including an actin cuticular
plate, and about 100 stereocilia, graded in length, which
extend to the overlying tectorial membrane. The stereocilia
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Fig. 7.3 Photomicrograph of the human cochlea (from ten Donkelaar
et al. 2006; courtesy Jo Curfs, Nijmegen)

are composed of the active contractile proteins actin and
myosin (Flock 1980; Corwin and Warchol 1991). The affer-
ent fibres from the hair cells pass from the organ of Corti
through small openings in the osseous lamina into the modi-
olus. Their cell bodies are located in the modiolus in
Rosenthal’s canal as the spiral cochlear ganglion (Sect. 7.2.3).
The inner ear is vascularized by the internal auditory artery
which in some 80% is a branch of the anterior inferior cere-
bellar artery (Kim et al. 1990; Schuknecht 1993).

7.2.2 Cochlear Hair Cells: Transduction
and Amplification

The human ear can detect sound waves with frequencies
between 20 and 20,000 cycles per second or Hertz (Hz), i.e.
approximately ten octaves of sound. The human ear has the
greater sensitivity for sounds around 1,000 Hz. The greater the
frequency, the higher the pitch. The sound vibrations that enter
the scala vestibuli and the perilymph at the oval window pro-
duce displacement of the basilar membrane before they finally
dissipate back to the middle ear by movements of the mem-
brane covering the round window. Transduction of sound
occurs in the sensory cells of the organ of Corti. Oscillations
of the basilar membrane produce a shearing force on the
stereocilia of the receptor cells, which are in firm contact with
the non-oscillating tectorial membrane. The tilting of the stiff
cilia is the adequate stimulus for the auditory receptor cells. The

inner and outer hair cells have different roles in the transduction
of energy within the cochlea. Inner hair cells provide direct
input to almost all of the axons in the cochlear nerve. Their
activity is modified by local amplification of the motion of the
basilar membrane produced by the outer hair cells and hair-cell
related supporting cells (Flock et al. 1999; Moore and Linthicum
2004). Several molecules have been identified as having a vital
role in hair-cel] transduction. They are specifically expressed in
and around the stereocilia and mutations in their genes. lead to
deafness (Steel and Kros 2001; ten Donkelaar et al. 2006).

7.2.3 Spiral Ganglion Cells and the Cochlear
Nerve: Neural Transmission

The transition from hair cell activity to neural activity occurs
within the cochlea. Activation of the stereocilia results in
changes in the intracellular potential that lead to the release of
a neurotransmitter from synaptic vesicle clusters at the base of
the hair cells. Opposite such a cluster of synaptic vesicles, bul-
bous nerve terminals are found on the outer surface of the cell
wall. Six to eight such terminals are present on the base of
each inner hair cell, and a smaller number on each outer hair
cell (Nadol 1990). These terminals continue as short unmyeli-
nated processes, forming the “dendritic” segment of cochlear
nerve fibres. They become myelinated when they enter the
osseous spiral lamina. Here, they reach their cells of origin, the
spiral ganglion cells. The spiral ganglion extends only half-
way from the base of the cochlea to the apex. Therefore, the
peripheral processes, containing hair cells in the apical and
middle tumns of the cochlea, extend down through the modio-
lus to reach the most apical ganglion cells. In humans, there
are about 35,000 spiral ganglion cells (Hinojosa et al. 1985;
Spoendlin 1985). Two types of ganglion cells are found
(Spoendlin 1985). The majority (90-95%) are type I cells and
contact inner hair cells. The unmyelinated peripheral pro-
cesses of the remaining ganglion cells (5-10%), the type 1I
cells, contact the outer hair cells. The central processes of both
types of ganglion cells form the cochlear nerve (Spoendlin and

" Schrott 1989). The cochlear nerve enters the ventral cochlear

nucleus on the ventrolateral side of the inferior cerebellar
peduncle (see Fig. 7.6a). Upon entering the brain stem, pri-
mary auditory fibres bifurcate into equally sized ascending
and descending branches (Moore and Osen 1979).

7.2.4 The Auditory Periphery: Generation
of Evoked Activity

Neural activity is reflected in the brain stem auditory-
evoked potentials or responses (BAEPS or BAERSs), an
externally recordable series of small amplitude and short
latency wave-like poténtials evoked by a transient stimulus
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Fig.7.4 Brain stem (ABR), middle latency (MLR) and cortical (ACR)
auditory-evoked responses (from Pasman 1997; courtesy Jaco Pasman,
Nijmegen)

such as a click (Jewett et al. 1970; Stockard et al. 1978,
1986). Auditory-evoked responses (AERs) can be subdivided
according to their latency into brain stem (ABR), middle
latency (MLR) and cortical (ACR) AERs (Fig. 7.4). Inhumans,
the ABR or BAEP is characterized by six or sometimes seven
deflections (I-VII) in the first 9 ms after the stimulus. Waves
I, III and V are of greatest interest since they reflect volume-
conducted activity from the levels of the acoustic nerve, pons
and midbrain, respectively. The earliest BAEP waves (waves
I and II) are generated by the cochlear nerve, prior to its
entrance into the brain stem (Stockard et al. 1978, 1986;
Moller and Jannetta 1982; Martin et al. 1995; Fig. 7.5). A
potential corresponding to wave II of the scalp-recorded
BAEDP can be recorded intrasurgically from the surface of the
human cochlear nerve as it passes through the internal audi-
tory meatus and crosses the intradural space (Martin et al.
1995). This supports an earlier dipole localization study
(Scherg and von Cramon 1985). Therefore, both waves I and
II of the human BAEPs are generated by activity in axons of
the cochlear nerve. BAEPs can distinguish between patholo-
gies of the middle and inner ear, the auditory nerve and the
brain stem. There are three major applications of BAEPs in
adults: (1) the detection of tumours in the region of the pos-
terior cranial fossa; (2) evolution of coma; and (3) assess-
ment of patients with suspected demyelinating diseases such
as MS. Acoustic neurinomas may cause complete loss of
wave | on the side of the lesion or a significant increase in the
I to III interpeak latency.

7.2.5 HearingLoss

Two types of hearing loss can be distinguished: conductive
and sensorineural. Conductive hearing loss is related to

60dBSL
clickl

10ms

Fig. 7.5 Relationship between components of the brain stem-auditory
evoked response and the auditory projection pathway. Abbreviations:
CJ colliculus inferior; CN cochlear nuclei; Il lateral lemniscus; MGB
medial geniculate body; nVIII vestibulocochlear nerve; SO superior
olive; I-V waves of BAEP (after Stockard et al. 1978)

defects in conductive mechanisms in the middle ear, result-
ing from conditions such as otitis media and otosclerosis.
Sensorineural hearing loss is caused by disease in the
cochlea or its central connection, the cochlear nerve.
Hearing loss of cochlear origin is common and can result
from a variety of conditions, including tumours, infections,
temporal bone fractures or from exposure to excessive
noise or ototoxic drugs (Schuknecht 1993). In presbycusis,
the hearing loss of the aged, the loss begins with degenera-
tion of outer hair cells at the basal end of the cochlea, but
does not seriously affect hearing until the upper range of
speech frequencies, around 3,000 Hz, is affected. Noise-
induced hearing loss and severe blows to the head tend to -
affect the anterior basal turn of the cochlea, the region that
processes 3,000-4,000 Hz (Moore and Linthicum 2004).
Tinnitus, characterized by noise in the ears such as ring-
ing, humming or whistling, is a common symptom in dis-
orders of the inner ear, but it can also occur in disorders
affecting the VIIIth nerve such as an acoustic neurinoma
(see Clinical case 7.1) and with vertebrobasilar disease.
Sudden onset of unilateral or bilateral deafness usually
accompanied by dizziness or vertigo can be a sign of occlu-
sion of the basilar artery (Huang et al. 1993; Levine and
Hiusler 2001). V
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Clinical Case 7.1 Cerebellopontine Angle Tumour

Electrocochleography and auditory brain stem response
(ABR) are important electrophysiological tools for routine
use in diagnosing vestibular schwannomas (Eggermont
et al. 1980; Chandrasekhar et al. 1995). Kaga et al. (1997)
reported a case of a vestibular schwannoma in which elec-
trocochleography and ABR were correlated with temporal
bone pathology (Fig. 7.6).

Case report: A 74-year-old female presented with a left
hearing impairment. In 1975, she had undergone mastec-
tomy of her left breast and in 1987, at the age of 73, she
was treated with cobalt radiotherapy for a recurrence of the
breast cancer. Pure tone audiometry revealed threshold
elevation in the middle- and high-frequency range. ABR
showed no response in the left ear but electrocochleogra-
phy showed clear compound action potentials. CT scanning

i s =

Fig.7.6 (a) The course of the vestibulocochlear nerve from the inner
ear to the brain stem on the right and (b) the cerebellopontine angle.
The black arrow in (b) points at an acoustic neurinoma and the way
it extends (white arrows). Abbreviations: nlll oculomotor nerve; nlV

and MRI demonstrated the presence of a medium-sized
cerebellopontine angle tumour in the left ear (Fig. 7.7a, b).
Three years later, she died of metastatic lung cancer and
sepsis. At autopsy, metastases of the breast cancer were
found in the right upper lobe of the lung and in the right
temporal lobe of the brain. The temporal bone pathology
consisted primarily of a large schwannoma, originating
from the left inferior vestibular nerve and occupying the
left internal auditory meatus (Fig. 7.7c, d). The organ of
Corti was well preserved in each turn. In the modiolus, the
numbers of spiral ganglion cells and cochlear nerve fibres
in each turn were decreased. These histological findings
suggest that clear compound action potentials were recorded
from the distal part of the cochlear nerve in spite of the
presence of the vestibular schwannoma. ABR could not be
detected because of the blockade of the proximal portion of
the cochlear nerve by the vestibular schwannoma.
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trochlear nerve; nVI ophthalmic nerve; nV2 makxillary nerve; nV3
mandibular nerve; nVI abducens nerve; nlX glossopharyngeal nerve,
nX vagal nerve; nXI accessory nerve; sps superior petrosal sinus ((b)
after ten Donkelaar et al. 2007)
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Fig.7.7 (a,b)CTand MRIdemonstrating the presence of a medium-
sized tumour in the left internal auditory canal and the cerebellopon-
tine angle. (¢) Mid-modiolar section of the left ear showing
enlargement of the internal auditory canal occupied by a vestibular
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