Discuss the anatomical features of the inner ear that have enabled scientists and
clinicians to develop cochlear implant technology to help people with hearing
problems. How do these features relate to the processing of frequency and intensity
information and how have they governed the design of single and multichannel
implants?

Since the first prototype of the Melbourne/Cochlear Limited multichannel receiver-
stimulator was rolled out in 1978, about 32,000 cochlear implants have been installed
worldwide, with a rate of roughly about 6000 a year in recent times."

The rehabilitative device allows patients with hearing loss, to hear and therefore
increase their overall quality of life. While most people think of noise-induced damage
when they think of cochlear implants, it must be noted that new models implanted in
children have also shown success, in allowing deaf children to learn speech.

This report will first attempt to explain the anatomy of the ear, then the physiology of
hearing, and finally the features and methods which make the implant workable.
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FIGURE 10-1 External var, middle ear, and inoer ear. (Right ear viewed from the front.)

lllustration by Demarest,R. The Human Nervous System pg 342

Previous research and observation has divided the human ear in 3 main logical
divisions. These are: the outer ear, middle ear and inner ear.

The outer ear consists of a skin-covered flap of cartilage called the auricle. This is the
trumpet-shaped portion that protrudes out the side. The external auditory canal is a
curved tube that extends from the auricle to the start of the middle ear, at the tympanic
membrane (also called the eardrum).

The middle ear is an air-filled cavity that is enclosed on one side by the tympanic
membrane (eardrum) and, two membranes on the other — the round window and the
oval window.
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An opening on the inferior portion leads to the auditory (Eustachian) tube, which is an
airway that connects this airspace to the nasopharynx. The purpose of this is to
equalize air pressure between the cavity and the external environment. The effects of
unequal pressures are most often felt in airplanes, or when descending to great
depths (whether diving, or in a hyperbaric chamber).

Three tiny bones, the ossicles, span this tiny airspace to help transmit sounds from the

eardrum to the inner ear. They are: the malleus, incus, and stapes. The stapes sits on
the oval window, which is a membrane that leads to the inner ear.
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The inner ear is “thin but very dense shell” that sits in a cavity within the temporal

bone. It consists of 3 sub-sections, namely the cochlear, the vestibule and the semi-
circular membranes. Within the bony labyrinth of the ear, one finds the endolymph-
filled membranous labyrinth, which is cushioned in a bath of perilymph.

The vestibule and semi-circular membranes’ main functions are to detect equilibrium.
The vestibule consists of two main portions, namely the saccule and utricle. It contains
hair cells that protrude into an otolithic membrane, a jelly-like substance, which is in
turn, covered with otoliths, calcium carbonate crystals. Shape altered by the force of
gravity, the otolithic membrane triggers nerve impulses in the hair cells whenever the
orientation of the head changes. This can easily be felt when the head is tipped in any
direction and held there.

The semi-circular membranes sit on the posterior portion of the bony labyrinth in the
ear. They are three semi-circular ducts, terminated by ampulla, that lie orthogonal to
each other. Their job is to detect changes in acceleration in all 3 planes. Within the
ampulla, one finds cristae, which contain hair cells attached to a gelatinous material
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% Ludman, H. and Wright, T. Diseases of the Ear, pg 21



called the cupula. When the endolymph in which the cupula is bathed in, flows,
movement generated in the cupula generates nerve impulses in the hair cells in the
base, thereby producing the sensation of movement.

The part of the inner ear that we're most interested in, is the cochlear. It is bony and
has a coiled shell-like similar to that of a snail's. Within it, there is a spiral structure,
part bone, part membrane, that is called the cochlear duct’, or scalia media.
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lllustration by Furnival, J. Head and Neck Anatomy, pg 376

The scalia media contains endolymph fluid and the sensory cells responsible for
hearing. It is triangular in shape and spirals about 2 and a half turns, from base to
apex of the cochlear. Its flat base is formed by the spiral lamina (through which a
branch of the cochlear nerve runs), which extends to the basilar membrane. The rest

of the triangle is bound by the sloping “roof”, which is called Reissner's membrane,
and the stria vascularis.
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Within the scalia media, one finds the organ of Corti, which is a band-like structure,
sitting on the basilar membrane. It contains the auditory sensory cells which have hair-
like stereocilia projecting from the endolymphatic surface. It is these structures that
give the cells the name “hair cells”. Contrary to its name, stereocilia aren't really cilia
and do not have the “9+2” structure, but are in fact, a paracrystalline array of actin
molecules. This gives the “hairs” a rigid structure that doesn’'t bend, but rather, pivots
at the base.



There are 2 kinds of hair cells, namely the Outer Hair Cell (OHC) and Inner Hair Cell
(IHC). The IHCs are heavily innervated and sit on the medial side of the spiral,
whereas the OHCs which are less innervated, but more plentiful, sit on the lateral side
of the organ of Corti, and project their stereocilia into the tectorial membrane. Between
the OHCs, and IHCs, runs the tunnel of Corti, through which, nerves for the OHCs
run.

The cochlear duct almost entirely divides the cochlear canal, with the scala tympani on
one side, and the scala vestibule on the other. As mentioned before, the duct spirals
from base to tip, around a central structure called the mediolus. At the tip, the scalae
are continuous and form a region called the helicotrema.”

Hair cells are innervated by the processes of the sensory neurons in the spiral
ganglion, which is embedded in the spiral laminae. These nerves collect at the center
of the cochlear, in the mediolus, and form the cochlear division of the
vestibulocochlear nerve (cranial nerve VIII).5

lllustration by Durrell, C. Intro. to the Human Body, pg 309

The brain perceives sound through a process of transforming sound energy into
mechanical and then electrical energy.

The process starts at the auricle, which, with its trumpet shape, concentrates the
sound waves into the external auditory canal. The waves striking the tympanic
membrane at the end of the canal causes vibrations according to the pitch (frequency)
and amplitude (loudness) of the sound. High pitches increase frequency of vibration,
while high amplitudes produce larger vibrations of the ear drum.

This mechanical movement on the tympanic membrane is transmitted to the other
side of the middles ear, the oval window, by causing vibrations in the 3 bones, the
malleus, incus and stepes. The vibration of the oval window sets up fluid pressure
waves as the window bulges inwards into the perilymph of scala vestibuli.

The waves then move to the end and return via scali tympani, causing the round
window to bulge into the middle ear. The movement of perilymph along the length of

“ Berkovitz, B. K. B. and Moxham, B. J., A textbook of Head and Neck Anatomy, pg 376.
® Martin, J. H., Neuroanatomy: Text and Atlas (3rd Ed.), pg 192



the cochlear tube causes it to bulge, thereby producing a pressure wave in the
endolymph as well.

The movement of the endolymph causes bulging along the basilar membrane,
thereby stimulating the hair cells to release neurotransmitters, which creates the
required action potential in the branch of the cochlear nerve associated with the bulge.

The key feature of this wave in the perilymph is that its amplitude peaks at a certain
region along the cochlear duct, the location of which corresponds to the pitch of the
incident sound. This means that the maximum deformation of the cochlear duct occurs
at the point correlated to the frequency of the sound.

In the case of the human ear, we now know that the higher frequencies of the incident
sound are detected near the oval window, whereas low frequency sounds are
detected near the helicotrema, at the end of the cochlear.

lllustration by University of Wisconsin
http:/mww.neurophys.wisc.edu/h%26b/auditory/anatomy/al3.html
Available 20/10/04

This differential frequency sensitivity is called “tonotrophic organization”, and it forms
the basis on which cochlear implants are designed.
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There are a variety of reasons why patients may need a cochlear implant. Mostly the
hearing loss in adults is caused by noise damage. However, other causes including
“Méniére disease, otosclerosis, temporal bone trauma, autoimmune hearing loss, and
ototoxic drug exposure™ may also result in hearing loss.

Originally the multiple-channel cochlear implant was only recommended for people
who were postlinguistically deaf with a profound-total hearing loss and did no receive
any useful hearing with a well fitting hearing aid. But now, patients can now be
considered for the implant if they have some residual hearing.”

For the FDA to approve the implantation, there must be hearing loss in both ears, with
speech reception threshold (SRT) and/or pure-tone average (PTA) under 70dB for
adults.

® Sargent, E. W., Cochlear Implants, Indications, web document. http:/ivww.emedicine.com/ent/topic424.htm
" Ludman and Wright, Diseases of the Ear, pg 157
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lllustration by Clark, G. Diseases of the Ear, pg 151

The tonotopic organization of the cochlear allows the creation of a spectrum of
frequency perceptions simply by stimulating the right nerve endings.

Most modern multichannel cochlear implants consist of a speech processor and an
implantable electrode and coil. Inserted into the scali tympani, the implantable
electrode is spatially mapped to the spectrum of frequencies on the basilar membrane
and adjusted to suit the patient's hearing thresholds, during the implantation
procedure.

When in use, the speech processor takes the sound received from a microphone near
the ear, and breaks it down into a range of frequency channels, each of which
corresponds to a frequency band on the inserted electrode.

The sound signal is then transmitted through the skin, onto the receiving coil on the
inside. It is also through this transmission that power for the electrode is received by
the implanted components. (This omits the need for a battery to be inserted into the
implanted device, and thereby reducing the risk and cost of treatment.)

Courtesy of Clark, pg 151



The band on the corresponding portion of the electrode will stimulate the cochlear
nerve when turned on, thereby allowing the user to perceive a sound at the frequency,
without actually hearing the sound. Variations in intensity, and number of channels
that can be activated, allows the patient to “sense” a variety of sounds and speech,
and therefore gives him a limited sense of his or her audio environment.
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