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Hearing and Deafness

 1. Anatomy & physiology
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Protection

Impedance match

Capture;     Amplify mid-freqs

Vertical direction coding

Frequency analysis

Transduction

Outer,    middle  & inner ear

The human pinna colours high frequency sounds by

interference between the echoes reflected off its different

structures (like the colours of light produced by reflection

from an oil slick). Only frequencies that have a wavelength

comparable to the dimensions of the pinna are influenced by

it (> 3kHz).  Different high frequencies are amplified by

different amounts depending on the direction of the sound

in the vertical plane.  The brain interprets these changes as

direction.

The meatus is the tube that links the pinna to the eardrum. It

resonates at around 2kHz so that frequencies in that region

are transmitted more efficiently to the cochlea than others.

This frequency region is particularly important in speech.
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Middle ear structure

The middle ear performs two functions.

(i) Impedance matching - vibrations in air must be

transmitted efficiently into the fluid of the cochlea. If there

were no middle ear most of the sound would just bounce

off the cochlea. The middle ear helps turn a large

amplitude vibration in air into a small amplitude vibration

(of the same energy) in fluid. The large area of the ear-

drum compared with the small area of the stapes helps to

achieve this, together with the lever action of the three

middle ear bones or ossicles (malleus, incus, stapes).

(ii) Protection against loud low frequency sounds - the

cochlea is susceptible to damage from intense sounds. The

middle ear offers some protection by the stapedius reflex,

which tenses muscles that stiffen the vibration of the

ossicles, thus reducing the extent to which low frequency

sounds are transmitted.
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Conductive hearing loss

• Sounds don’t get into cochlea

• Middle ear problems

• Helped by surgery and by amplification

Infection or a blocked Eustacian tube can cause

accumulation of mucus in the middle ear.  Prolonged

infection can lead to damage to the middle ear bones.  The

middle ear then transmits sound into the inner ear less

efficiently.  Surgery can improve transmission, or

amplification provided by a simple hearing aid.

Middle ear infection in young children leads to some

central hearing problems, but these usually go away after a

few years.
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Cochlea



Hearing Lecture 1

8

Cochlea cross-section

The snail-shaped cochlea, unwound, is a three-chambered

tube.   Two of the chambers are separated by the basilar

membrane, on which sits the organ of Corti. The arch in

the middle of the organ of Corti separates the inner from

the outer hair cells.

On top of the hair cells sits the tectorial membrane which

is attached only along its inner edge.  The stereocilia

(hairs) of the outer hair cells are embedded in the tectorial

membrane, but those of the inner hair cells are moved by

movement of the fluid in the space between the hair cells

and the tectorial membrane.

When the pressure across the basilar membrane changes

(through activity of the stapes), the membrane bends and

fluid flows in this space, causing the inner hair cell

stereocilia to move.
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Travelling wave on basilar

membrane sorts sounds by frequency

distance along basilar membrane
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Sound produces a travelling wave down the basilar

membrane.  Different frequencies of sound give maximum

vibration at different places along the basilar membrane.

When a low frequency pure tone stimulates the ear (right-

hand diagram), the whole basilar membrane, up to the

point at which the travelling wave dies out, vibrates at the

frequency of the tone. The amplitude of the vibration has a

very sharp peak.

The vibration to high frequency tones (left-hand diagram)

peaks nearer the base of the membrane than does the

vibration to low frequency sounds.
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Reponse of basilar membrane

to sine waves

Each point on the membrane responds best to a different frequency:

high freq at base,  low at apex.

amadeus praat

The characteristic frequency (CF) of a particular place

along the membrane is the frequency that peaks at that

point.  For a pure tone, the membrane moves up and down

at the frequency of the tone.

If more than one tone is present at a time, then their

vibrations on the membrane add together.
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Organ of Corti

The tectorial membrane sits on top  of the organ of Corti

and is fixed rigidly to the organ of Corti at one end only

(left in the diagram).

The travelling wave down the basilar membrane causes a

shearing movement between the tectorial and basilar

membranes .

Fluid movement bends the hairs on top of the single row of

inner hair cells that are on the inside (left in the diagram)

of the arch.
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Inner

hair cell

The fluid movement bends the hairs on top of the inner

hair cells.

When the hairs are bent towards the tallest stereocilium

(top diagram) the cell's voltage is increased, more

neurotransmitter is released and auditory nerves connected

to the hair cell increase their firing rate.

When the hairs are bent away from the tallest stereocilium

(bottom diagram) the cell's voltage is decreased. Less

neurotransmitter is released and auditory nerves connected

to the hair cell decrease their firing rate.

Inner hair cells are thus responsible for turning mechanical

movement of the basilar membrane into neural firing of the

auditory nerve.
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Hair Cell

Stereocilia

The mechanism of how hair-cells change their voltage as

their stereocilia are bent is very complex, but probably

involves links between the stereocilia mechanically pulling

open calcium channels on the stereociliar surface.
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Auditory nerve innervation

          OHC (2)

spiral afferent (green)

medial efferent (red)

IHC (1)

radial afferent (blue)
lateral efferent (pink)

The inner hair cells excite synapses of fibers of the afferent

auditory nerve.  Each of the 3,000  or so inner hair cells

has about 10 auditory nerve fibers attached to it.  These

fibers have different diameters, different spontaneous rates,

and different thresholds.  They thus are able to cover a

wider range of amplitudes of sound than if they all had the

same threshold.

The outer hair cells mainly have synapses from the efferent

fibers, providing a mechanism for the brain to control the

mechanical properties of the ear.

When the inner hair cell stereocilia are bent away from the

tallest, the hair cell becomes polarised and neuro-

transmitter is released into the synaptic cleft of the auditory

nerve, making the fiber more likely to fire.
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Auditory nerve

rate-intensity functions

log amplitude (dB SPL)
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The louder a sound is, the more frequently the auditory

nerve fires.

Each inner hair cell has about 10 auditory nerves attached

to it.  These different nerves have different thresholds.

Most of them have low thresholds, but saturate at the level

of normal sounds.   The minority have higher thresholds

and don't saturate until sounds are loud.
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Phase Locking of Inner Hair Cells

Auditory nerve connected to inner hair cell tends to fire

at the same phase of the stimulating waveform.

Auditory nerves connected to inner hair cells tend to fire at

the same phase of the stimulating waveform.

Phase locking is a consequence of the way the voltage of

the hair cell changes as the stereocilia are bent.  The firing

rate is only increased when they are bent in one direction.

Phase locking allows the brain to estimate the phase of the

waveform.  It is used by the timing theory of pitch

perception and to provide interaural time-differences in

localisation.
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Phase-locking
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Phase-locking only occurs for low frequencies (<5 kHz in

man).

If phase locking is occuring, then the intervals between

spikes tend to be whole-numbers of cycles of the

stimulating waveform.

If the brain can time these intervals then it can estimate the

frequency of the tone.  This is the timing theory of pitch

perception for pure tones.

If phase locking is not occuring, then the time intervals

will be random and give no information about the

frequency of the tone.
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Inner

vs

Outer

Hair Cells

Inner hair cells are responsible for turning the movement

of the basilar membrane into changes in the firing rate of

the auditory nerve.

Outer hair cells are anatomically and physiologically quite

different from inner hair cells.  They act as tiny motors that

amplify the mechanical movement of the basilar

membrane.

They are responsible for the sensitivity (low thresholds),

the wide dynamic range and the sharp tuning of normal

hearing.

Their damage is the most usual cause of sensori-neural

hearing loss.
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Inner vs Outer Hair Cells

Inner Hair Cells Outer Hair Cells

Sensory Motor

Afferent nerves Efferent nerves

Single row c.3 rows
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OHC movement

Passive

No OHC movement
Active

With OHC movement

These diagrams do not show the inner hair cells - only their

stereocilia (to the let of the arch).

In the left-hand movie, the outer hair-cells are passive; in

the  right-hand movie they are active and the movement of

the whole structure is amplified.

The amplification leads to lower absolute thresholds; it is

frequency specific (leading to fine-tuning) and greater for

quiet sounds than for louder ones (leading to increased

dynamic range).

The activity of the outer hair cells makes the movement of

the basilar membrane non-linear andd leads to oto-acoustic

emissions.
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OHC activity

• Increases sensitivity (lowers thresholds)

• Increases selectivity (reduces bandwidth of auditory filter)

• Gives ear  a logarithmic (non-linear) amplitude response

• Produce Oto-acoustic emissions

OHCs are relatively more active for quiet sounds than for

loud sounds.

They only amplify sounds that have the characteristic

frequency of their place.
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Auditory tuning curves
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If inner hair cells are damaged, the tuning curve keeps the

same shape, but is just less sensitive - the threshold is

incresased.  This loss produces a sensori-neural hearing

loss, but in terms of its symptoms it resembles a

conductive hearing loss.
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Outer-hair cell damage
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If outer hair cells are damaged, the tuning curve changes

shape and becomes less sensitive.

This loss is the most common sort of sensori-neural

hearing loss; not only are thresholds raised, but the ability

of the ear to analyse sounds into different frequencies is

also impaired: the auditory filters have increased

bandwidths.
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Conductive vs Sensori-neural deafness

Conductive Sensori-neural Sensori-neural

Origin Middle-ear Cochlea (IHCs) Cochlea (OHCs)

Thresholds Raised Raised Raised

Filter bandwidths Normal Normal Increased

Loudness growth Normal Normal Increased (Recruitment

Becomes linear, so

No combination tones

Or two-tone suppression

Mostly a combination of

OHC and IHC damage

A sensori-neural hearing loss is most commonly caused by

damage to outer hair cells, but there can be inner hair cell

damage as well.  The two types of loss give different

symptoms.
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Normal vs Impaired Dynamic Range

Illustration of the impaired dynamic range

found with OHC damage in sensori-neural

hearing loss.  Notice that sounds are

uncomfortably loud at the same level for both

the normal ears and the impaired ears.  But the

impaired ears have a much  higher threshold,

so loudness grows much faster for them.

This "loudness recruitment" rises because the

OHCs are not amplifying the quieter sounds.
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Normal auditory non-linearities

• Normal loudness growth (follows Weber’s Law)

• Combination tones

• Two-tone suppression

• Oto-acoustic emissions

It is rather paradoxical that we spend a lot of effort making

sure that our Stereo systems have a linear frequency

response, when our ears are very non-linear.

They introduce very substantial distortion in the form of

combination tones.


