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The organ of Corti and
basilar membrane of
the cochlea exposed

(Photo: A. Pye)

OAE probes contain a
microphone and
sound producer

toacoustic emissions are sounds
made by our inner ear as it
works to extract the information

from sound to pass on to the brain. These

biological sounds are a natural by-

product of this energetic biological

process and their existence pro-
vides us with a valuable ‘window’
on the mechanism of hearing, al-
lowing us to detect the first signs
of deafness - even in newborn
babies.

Sounds made by healthy ears are
quite small - quieter than a whis-
per and usually less than 30dBSPL.
They arrive in the ear canal because
the middle ear receives vibrations from
deep inside the cochlea. This causes the
eardrum to vibrate the air in the ear canal
creating the sounds that we can record.

To record otoacoustic emissions, or ‘OAESs’,

a ‘probe’ is inserted in the ear canal. The

probe closes the ear canal, keeping the

OAEs in and any noise out. The probe both

stimulates the ear with precisely de-

fined sounds and records the

sounds made by the ear via a

tiny microphone. Separating

the applied sound from the

ear’s own sound is a delicate

business and needs computer
processing power.

Today this is achieved by a vari-
ety of otoacoustic instruments.

Hand-held and pocket-sized screeners
are available which provide a quick indica-
tion of the status of the ear and are widely
used for infant screening. Because OAEs
are blocked by middle ear immobility, these
instruments alert to both conductive and
sensory dysfunction. Some OAE screen-
ers provide a single indicator of function
across speech frequencies, as does
screening ABR. Others provide a basic fre-
quency breakdown. Although OAE
screeners are sensitive to threshold eleva-
tions as small as 20dB, they do not provide
a measure of the actual threshold.

Simple OAE screening instruments conceal
the fact that otoacoustic emissions are quite
complex phenomena - whether they are
evoked by tones or clicks. Click evoked
OAEs (TEOAES) consist of a
complex response
waveform which can
be broken down
into different fre-
quency bands
(typically half
octave), telling
us about co-
chlear status in
each band. Dis-
tortion product
OAEs are evoked
by a pair of tones (typi-
cally one-third-octave

apart) which are stepped across

the frequency range to be examined.
Each pair of tones may produce several
DPOAEs. One of these (typically the
one at 2f1-f1) is plotted on the ‘DP
gram’. Both TEOAEs and DPOAEs pro-
vide frequency specific data on cochlear
function, the interpretation of which is dis-
cussed later.

Hand-held OAE
screeners are used in
universal newborn
hearing screening
programs

OAE analysers are an
important part of the
autometric test battery

OAE is a complex phenomenon. Click evoked OAEs have complex waveforms
(left) which can be broken down into component frequencies (right)

A pair of stimulus tones produce several DPOAEs (left). Typically the one
at 2f1-f2 is plotted for different stimulus pair to form the DP-gram (right)



Sectional view of the
organ of Corti. Outer hair
cell bodies (lower) support
stiff hairs which in life
touch the tectorial
membrane, here rolled
back (top). Hairs of the
inner hair cells (visible
top) are sensitive to the
flow of fluid across the
organ. (Photo: A. Forge)

n all land animals hearing depends on

collecting sound energy from the air

and transferring it to water immersed
sensory cells which then stimulate nerves
leading to the brain. OAEs arise because
our ears have evolved a special mechanism
to give us extra hearing sensitivity and fre-
quency responsiveness. The mechanism
is known as the cochlear
amplifier and it depends on
a specialized type of cell
called outer hair cells. All
mammals rely on this same
mechanism for hearing.
Other animals have different
mechanisms but most of
these also produce OAEs in
some form or other.

It's the job of the cochlea to
receive the sound energy
collected by the outer and
middle ear and to prepare it
for neural transmission. That’s not a trivial
matter.

The cochlear travelling
waves move up the
cochlear spiral
delivering different
frequency components
to different places.
Here two tones (moving
from left to right) cause
two separate peaks of
activity.

Another problem with nerve fibres is that
they can’t signal a very wide range of inten-
sities - maybe only a 1:100 range. This is
just not good enough for hearing as the
contrast between near and very distant
sounds can be up to 100,000 times.

The cochlea overcomes this problem by
boosting the quieter sounds we need to hear
with its own biological amplifier. Actually it
solves two problems at once. Although
anatomically the cochlea is constructed to
naturally separate frequency components
along the length of spiral sensory organ, just
as a prism separates the
colours of light, the vis-
cosity of water inside the
narrow spaces of the co-
chlea damps down the
sound induced vibration
far too rapidly for this pro-
cess to work efficiently.
Unassisted, much of the
sound energy in the co-
chlea would be lost to
viscosity and the energy
of each frequency com-
ponent would be spread
over too large a number
of sensory cells. But,
outer hair cells react me-
chanically to stimulation.
They change length rap-
idly releasing their own
vibration. Their electro-motile action re-
places stimulus energy lost by viscosity and
boosts the travelling wave inside the co-
chlea. This ensures that sharp frequency
separation can develop and it particularly
raises the intensity of the weaker sounds to
that needed to activate auditory nerves.

OAEs arise because some of the energy
generated by outer hair cells leaks back into
the ear canal. That's notimportant for hear-
ing, but it is important for research and
audiology as it provides us with a means of
examining the health of the innermost parts
of the cochlea from outside.

The cochlea
separates sound
frequency
components like a
prism separates the
components of light.



George von Bekesy
who first described
the cochlear travelling

[ mammals produce sound from
their ears whenever external
sounds stimulate the cochlea and
in all probability dinosaurs’ ears also did
millions of years before - but this phenom-

enon was totally unsuspected by
scientists before 1977.

From the time when Nobel Prize win-
ner George von Bekesy first
explained how sound created trav-
elling waves on the basilar
membrane in the 1940s, there was
a problem in auditory theory. The
travelling wave separated frequency
. components in the cochlea but the
degree of frequency separation seen by
Bekesy in human ears post mortem was
quite poor. In contrast, recordings made in
auditory nerve fibres themselves showed
that the healthy cochlea somehow managed
to achieve sharp frequency division. Mea-
surements of sound vibrations in living
animal cochleae seemed to confirm
Bekesy'’s findings, and the search began for
a ‘'second filter’ - a notional mechanism that
would explain the extra frequency selectiv-
ity seen in the auditory nerve but not in the
cochlea. It was never found.

As early as 1948 one man, a contemporary
of von Bekesy, Thomas Gold, put forward a
startling new hypothesis. Comparing the
function of the ear with that of the radio re-
ceiver, Gold argued that to achieve
simultaneously both high sensitivity and high
frequency selectivity there must be a bio-
logical vibration amplifier. As in primitive
radio receivers, this extra energy could be
applied as positive feedback to the travel-
ling wave to overcome the natural viscous
loss of energy.

In his own words:

"It dawned on me that the an-

swer (to the problem of energy ‘ﬁ
loss) was that the body would have
invented positive feedback. It just
came to me in a flash - that nature is al-
ways so clever that, if there was a way out
of that dilemma, then that’s what it is going
to be”.

Thomas Gold who in
1948 concluded
there must be
amplification in the
cochlea

Gold explained his ideas to von Bekesy but
neither he nor any other auditory researcher
took Gold’s ideas seriously. Some thought
that Gold’s proposal would mean
that sounds would emerge continu-
ously from the ear - a ludicrous
suggestion and demonstrably un-
true - so people thought. Gold
defended his ideas saying that
sounds would only emerge spon-
taneously from ears which were
defective or out of adjustment. He
tried to find such spontaneous
emissions from ears with tinnitus,
by sealing a microphone to the ear
canal, but his attempts failed.

This positive feedback
radio circuit gave Gold
the idea that nature
must have invented
something similar

After his theory of hearing was rejected,
Gold drifted away from the auditory field and
enjoyed a very distinguished career in cos-
mology and geophysics. For 30 years
auditory researchers hunted for the illusive
‘second filter’ and Gold’s ideas were forgot-
ten. But there were

clues already in

the literature.

Early radios used
positive feedback to
increase sensitivity and
frequency selectivity. They
needed constant adjustment




Before OAEs were
discovered, several
researchers reported
strange noises in their ear
when listening to pure
tones as specific
frequencies and levels or
for a short time when the
applied tone was removed

or centuries those with a musical ear
had been puzzled by hearing dis-
cordant sounds or ‘aural combina-
tion tones’ when two pure musical tones
were played. Physiologists explained the
effect as non-linear distortions between two
contrasting signals passing along the same
nerve pathway. Butin 1931 Wegel reported
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such distortions with only one tone pre-
sented. Flottorp and Ward also reported
hearing mysterious tones in their ears which
reacted in a very frequency specific way with
externally applied tones.

In 1958 Elliot, who was working to refine
the definition of normal audiometric thresh-
old, found very frequency specific ‘ripples’
which he could not explain - and which po-
tentially limited the accuracy with which
audiometrics could be conducted. Van den - .
. ) Elliot's high resolution
Brink also explored these ripples and found audiograms showing

they were mirrored in loudness and pitch ripples which could not be
explained acoustically

ripples too.
A Ripple Effect in the Audiogram ELLIOT 19§88
-10
0 r\/\.-\f\m W
+10 \/\\)\W
a
20 " e "

a0 Aun L1000 U900 1400 1600 1800 2000 2200 208 603 ZRAG 3080
Frequeney {o./5.)

Hourlng loas (dh.)
L
[~]

oM\
+i0 fﬂ\//ﬂ/

600  ANDD 100D 1200 40U 1000 BAOO 000 2300 BADO Z000 2E0g 3000
Froquency {c./s.}
Aundlograms {a} for sublect A, aged 2L, wnd (b} for aubjrct £1, ngmd B8 pears

5 " M —

Another incredible observation was made
by Glanville, Coles and Sullivanin 1971. A
whole family was found to emit continuous
high pitched tones from their ears. The only
explanation offered at the time was that
some strange distortion of a blood vessel
was causing the vessel to vibrate and ‘sing’.
No-one remembered Gold’s cochlear am-
plifier suggestion of 1948.

The Jourmal of High frequency tones
’ emitted by everyone in
Laryngology and Orology one family were thought
[ i L BTN i Y to be due to blood flow
fewiarr 1090 vibrations and
reproduced by a bellows
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Kemp’s psychoacoustic
laboratory at the Royal
National Throat Nose
and Ear Hospital,
London in 1975.
Precisely calibrated
oscillators delivered
measured sound levels
to ear via headphones.
The listener manually
adjusted level and
frequency to map their
auditory anomalies

An intensity frequency
map of loudness
enhancements and
distortions heard by one
listener during pure tone
stimulation

'ﬂ:h' ;_;'lﬂ

B
XL . A

he strange ripples and distortions
in hearing were intriguing. “l be-
gan charting them in great detail.
Three dimensional charts of loudness en-
hancement, frequency intensity maps of
loudness peaks and internal distortion ar-
eas. Atalmost regular intervals of frequency
(every 100 to
300Hz) the
hearing of
healthy ears
reached
peaks of sen-
sitivity and
loudness.
Pure tones
sounded
purer and louder at these frequencies. At
the very strongest of these ‘enhancements’
sometimes a tone seemed to be audible
even when no tone was applied. When a
tone was applied a little higher or lower in
frequency than the ‘internal’ tone, it battled
with the weak external tone causing beats
and ‘roughness’. Was the internal tone re-
ally a vibration (albeit inaudible most of the
time) or was it just a neural phantom? If it
was a phantom tone then why were beats
heard? Only real vibrations produce beats
with an applied tone. And if the internal tone
was real, that would explain why Wegel and
Ward had heard aural combination tones
when applying only one stimulus tone. And
maybe the aural combination tone was a
real vibration too.
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“How could the matter be resolved experi-
mentally? Bekesy had emphasised that the
cochlear travelling waves always moved
from the base to the apex of the cochlea
wherever the external stimulation was ap-
plied, so a transmission of these sounds out
of the ear seemed out of the question. But
surely internal excitation would be able to
drive the travelling wave in reverse and al-
low them to escape through the middle ear.
So if there really where oscillations gener-
ated inside the cochlea they should be
detectable in the ear canal.

“Bekesy had also taught, and all subsequent
laboratory research confirmed that wave
motion inside the cochlea was strongly
damped - so how could sustained oscilla-
tions develop inside the cochlea. But if
internal oscillations did exist then the co-
chlea must have low damping. And if it had
low damping - low energy absorption - then
internally generated
waves could not only
escape to the middle
ear, but would be able
to reverberate inside the

cochlea, producing
standing waves much L
as in an echoing room 20

on a larger acoustic
scale. Was this the ex-
planation of the periodic i
enhancement of thresh-
old and loudness seen
by Elliot? If so then the
input impedance of the
ear should also show
the same ripples.”

The consequences for auditory theory of
there actually being low damping and self
sustaining oscillation in the cochlea were
immense. From 1975 to 1977, psycho-
acoustic observations provided increasing
support for this alarming hypothesis and
only then did the idea of directly testing it
emerge. As Gold had done back in 1948, it
was time to listen in on the ear, but this time
not an ear affected by tinnitus, but a normal
healthy ear.
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Loudness can be
enhanced by more than
10dB near threshold at
specific frequencies



Kemp's acoustic
emission laboratory at the
Royal National Throat
Nose and Ear Hospital,
London, in 1977

The first OAE probes were
assembled from hearing
aid parts and epoxy resin

n July of 1977 the crucial experiment
was performed. “I placed a miniature
microphone salvaged from a hearing
aid over the opening of my ear canal and
then closed the ear canal with silicone putty
to keep the ear’s sound ‘in’. | fed the output
of the microphone into a
hetrodyne analyser - an in-
strument which allows
you to tune in to a very
narrow frequency
band (10Hz) at any
frequency. Via a head-
phone | then applied a
single pure tone at a fre-
quency and level that | knew
would give rise to a clear aural dis-
tortion tone as the external tone combined
with the (supposedly) internal oscillation. |
knew the frequency of the combination tone
exactly by applying the formulate 2f1-f2 to
the external tone (f1) and the internal tone
(f2) and | accurately tuned the analyser to
this frequency. Immediately there was a
reading on the dial! As | changed the fre-
quency of the external tone, the frequency
of the combination tone in the ear canal
changed exactly as the formula predicted.
The internal tone was therefore physically
present - not a neural phantom - and so
should it also be detectable. | turned off
the stimulus tone and tuned the analyser to
the frequency of the supposed internal tone.
It was there. Asignal of 85dBSPL at 1253Hz
was continuously present in my left ear ca-
nal. And another at 1760Hz. What’s more,
they were still there the next day
at exactly the same frequency
- within 1 or 2Hz”. Such stabil-
7 ity was difficult to obtain even
with high quality electronic equip-
ment in those days - and to find it in a
biological system was hard to believe. But
the evidence was incontrovertible.

It was time to formally record the phen-
omenon. The manually controlled analyser
was quickly converted into an audio
frequency ‘scanner’ by attaching a slow
electric motor. Fortunately the analyser also
produced a pure tone output signal at the

-6-

frequency to which it was tuned and this was
used to stimulate the ear canal. An ear
canal ‘probe’ was made consisting of a
miniature loudspeaker and microphone so
that the sound in the ear canal could be
monitored as the stimulus frequency was
swept up in frequency. Finally, the voltage
driving the level meter of the analyser was
fed to a chart recorder.

The results of the first acoustic scans re-
produced the ripples measured
psychoacoustically. And the higher the level
of stimulation, the shallower the ripples in
the ear canal became, just as the periodic
loudness enhancements
became insignificant for
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Measurement of ear
canal sound level
during sweep frequency
pure tone stimulation at
multiple levels showed
ripples and provided the
first recorded evidence
of acoustic emission
from the human ear, in
July 1977

Bub chiberirce form mouimiban

higher stimulus levels.
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Finally, aural distortion
products were success-
fully recorded. A distortion
product of known fre-
quency could be
‘engineered’ without reli-
ance on the internal
cochlear tone. When a pair
of tonal stimuli less than

half an octave apart are
applied, the combination
tone 2f1-f2 could be heard
and was recordable in the
ear canal as the scanner passed through
the calculated frequency. Quite low levels
of stimulation (30-40dBSPL) were used and
the DPOAE was only detectable when its
frequency was near to that of a loudness
enhancement.

The first recording of a
2f1-f2 distortion product,
July 1977. A'is the noise
floor, B is the
spontaneous acoustic
activity in the ear canal.
C and D distortion
products emerging with
various applied tone
pairs



The first paper on
OAEs, published in
the Journal of the
Acoustical Societyof
America

ithin a few days in July 1977 it

was clear that the obscure psy-

chophysical ‘ripple’ phenomena
called ‘auditory microstructure’ which had
been known about for decades, were actu-
ally the tell-tale signs that, at least at low
stimulus levels, the cochlea did not behave
as Bekesy had taught and as everyone be-
lieved. In the absence of stimulation the
healthy cochlea seemed to be on the brink
of oscillation - of instability. As pioneer ra-
dio engineers had discovered, that state is
the most sensitive state for any receiving
apparatus to be in. When weak acoustic
stimulation was applied there seemed to be
little or no damping to prevent the cochlear
travelling wave reverberating inside the co-
chlea. The new acoustic evidence
suggested that in the healthy ear the travel-
ling wave reflected back and forward
between the middle ear and a place inside
the cochlea for hundredths of a second, in-
stead of dying away inside the cochleain a
few thousandths of a second as Bekesy had
observed in the cadaver. And at a few spe-
cial frequencies the cochlea supported
self-sustained oscillations, with laser-like
frequency precision. This strongly supported
the idea of a biological amplifier action just
as Gold had proposed in 1948. And yet,
when every-day levels of stimulation were
applied the self oscillation stopped and the
periodic loudness enhancements faded
away. Cochlear behaviour was therefore
level-dependant (i.e. mechanically non-lin-
ear) just as Rhode had demonstrated in the
squirrel monkey in 1970. Mechanical non-
linearity in the cochlea had been vigorously
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disputed by the auditory research commu-
nity, even though neural data also
suggested that nonlinear distortion products
were present in basilar membrane motion.
But they were wrong.

In 1977, it seemed that, as in 1948, the true
significance of these experiments for audi-
tory science might be lost due to entrenched
thinking and misunderstandings about the
highly technical acoustic experiments. To
help overcome this,
one final experiment
was performed. The
reasoning was that if |
sound energy rever- : !rr‘ hl

-

berated inside the
cochlea as it did in a
large room, then apply-
ing a short click to the
ear would, like a clap
in a room, resulting an
echo. The hetrodyne
analyser was replaced
by a physiological sig-
nal averager and the
pure tone stimulus was
replaced with a click.
Sure enough, the ear
gave an ‘evoked response’ to the click - a
long complex emission of sound lasting 16
milliseconds and more. It was like nothing
seen before from the auditory system. It
was a 'cochlear echo’.
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Following the publication of the first reports
of stimulated acoustic emissions, in 1978
several workers quickly reproduced the find-
ings notably Rutten, Wit, Ritsma and
Wilson.
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The first click evoked
acoustic emission
(TEOAE). The
repeatability of the
complex response is
evident. Traces
(counting from the top)
2 and 3 from the right
ear 4, 5, and 6 from
the left.
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Schematic of the
experiment to present the
new cochlear behaviour
as an evoked response
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Rudolph Chum who
constructed the
Cochlear Sounder
in 1978

The portable Cochlear
Sounder, the world’s first
OAE instrument
operational in 1978 and
demonstrated to leading
audiometric instrument
manufacturers

of the time

he success of the click evoked
acoustic response experiment
demonstrated how easily the tech-
nique could be applied to hearing testing.
A portable TEOAE instrument called the
‘Cochlear Sounder’ was built for the lab
by Rudolph Chum early in 1978. It
used an electronic delay line and re-
circulated data to create a rolling 3-4
second averager which could continu-
ously display the response waveform
on a small oscilloscope. Like modern
TEOAE instruments, it used time gating to
cut out the stimulus and presented multiple
click levels to demonstrate non-linearity.

Early in 1978 the general method of using
sound emission from the ear as a hearing
screening test was patented for the Royal
National Throat Nose and Ear Hospital in
Europe and in the USA by the National Re-
search and Development Council (NRDC),
a State body. From 1978, the Cochlear
Sounder was demonstrated to all the major

manufacturers of the time, including G.S.I.
and Madsen. However, few audiologists
and no instrument companies understood
the significance and potential of OAEs at
that time. It was 1984 before a long stand-
ing British audiometric instrument
manufacturer, Alfred Peters Ltd., commit-
ted itself to investing in the manufacture of
the first commercial OAE instrument.

OAE research and the task of developing
OAE measurement procedures continued
at the ILO through the 1980s, mostly using
the a laboratory OAE system built around
the SLAM mini computer.

Alfred Peters Ltd. incorpo-
rated the OAE procedures
developed at the ILO into
the AP200 Otoacoustic
Emission Processor,
which they launched in
1985.

was based on the ‘SLAM’ computer made
by C.E.D. Ltd. The data analysis and
presentation used on both the Peters
AP200 (below) and ILO88 clinical OAE
systems was developed on the ‘SLAM.

The first commercial
OAE instrument, the

This AP200 was not commercially success- Peters AP200

ful and only seven were sold before the
Company folded. Although the instrument
had noise artefact rejection and spectrum
analysis, the probe was poorly designed and
the user had no effective
means of checking the probe
fit while testing and no data dis-
play. The process of collecting,
validating and plotting the test
results took some five minutes
and only then would it be discovered if the The AP200 OAE
recording was successful. probe

With a continuing lack of interest by most
of the established audiological instrument
manufacturers and the failure of the only
commercial OAE instrument, the develop-
ment of applications for OAEs depended

From 1981 the ILO laboratory OAE system



Peter Bray, co-designer

totally on academic laboratory efforts. John
Stevens at Sheffield in the UK, Mark Lutman
at Nottingham, UK, and Neils Johnsen in
Hellerup, Denmark, each developed their
own TEOAE system for evaluation in new-
born hearing screening. Inthe USA, Brenda
Lonsbury Martin and team designed a clini-
cal DPOAE instrument based on exhaustive
laboratory tests.

In 1987, in England,
two personal com-
puter based TEOAE
instruments were
being developed for
use outside of the
laboratory.

At the Institute of
Laryngology and
Otology (ILO) Lon-
don, Peter Bray
developed the
‘1LO88’ in Kemp’s
laboratory, based on the IBM PC. The de-
sign of the instrument, consisting of two PC
expansion cards and a separate amplifier.
This was suited to duplication and use in
other laboratories.

of the ILO88

Siobhan Ryan with
the prototype ILO88

1987 Siobhan Ryan performed the first newborn

screen with the ILO88 and found that a 20dB

reduction in probe stimulus drive was

needed due to the small size of newborns’
ear canals.

The original neonate
probe designed in 1988
for the ILO88

The ILO88 featured advanced analytical
software, which provided real-time monitor-
ing and fast frequency analysis. Real-time
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audio FFT processing was just only feasible
with PCs at that time and had not previously
been used in audiometric assessment.
Central to the ILO88 philosophy was re-
peated monitoring of the ear canal stimulus
waveform to detect probe movement and
poor fitting was continually monitored. Noise
contamination was measured by subtract-
ing pairs of averaged responses and data
quality was summarized by a ‘repro-
ducibility’ parameter derived from cross
correlation. All test conditions were saved.

In 1988, the MRC Institute of Hearing Re-
search Nottingham introduced its ‘POEMS’
OAE instrument, using the BBC computer.
Based on their own OAE research it was a
TEOAE instrument, initially with a wave-
form-only display. It went into service in
at-risk newborn screening programmes in
St. George’s Hospital London and several
other hospitals in the UK.
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The ILO88 screen
evolved rapidly from
1987, to give operators
extensive feedback on
test conditions and
results

The MRC POEMS
used a personal
computer to process
signals and display
TEOAE waveform
data in 1988



ell before the application of

OAEs to screening and clinical
diagnostics, OAEs were stud-

ied in the laboratory. A whole series of
questions had to be answered before the
relationship of OAEs and hearing could be
understood. The initial series of experi-
ments in 1977 (reported by Kemp 1978) had
demonstrated that OAEs were absent in
ears with hearing loss. They were nonlin-
ear phenomena with substantial delays - not
unlike that expected from a reversal of the
cochlear travelling wave. It had also been
demonstrated that
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OAEs evoked by
single tones could
be suppressed by
applying a second
stronger tone. This
suppression was
found to be very
frequency specific
with a tuning curve

=
-

Stimulus frequency
OAE suppression
tuning curve obtained
in 1977 demonstrated
the close association
between OAEs and the
cochlear hearing
mechanism

From Anderson and
Kemp 1979. The well
known reversible effects
of the loop diuretic
Furosimide on hearing
were mirrored in the
reduction of TEOAEs for
30 minutes after IV
injection

as sharp as that of
hearing.

The first scientific presentation of acoustic
emissions was in April 1978 at a meeting of
the British Society of Audiology in Keele Uni-
versity. The new discovery was received
with great skepticism, not least because the
concept of waves travelling in reverse in the
cochlea contradicted firmly held views at the
time.
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Many physiologists also doubted the early
evidence that OAEs came from the cochlea.
In 1978-9 Evans and Wilson at Keele tested
the possibility that OAEs came from muscle
reflex spasms but found OAEs in the ab-
sence of an active middle ear muscle. To
convince other scientists to conduct re-
search into OAEs it became necessary to
demonstrate that OAEs were depressed as
hearing threshold was raised, either by
noise induced temporary
threshold shift or reversible
ototoxic drugs.

Stewart Anderson joined
Kemp to perform experi-
ments, which fully confirmed
a close relationship between
OAEs and hearing.

The first international airing of the new con-
cepts of cochlear function occurred in
September 1978 at the Inner Ear Biology
Workshop in Seefeld, Austria. Many re-
searchers realised the significance of the
findings, including Egbert deBoer and Duck
On Kim. Kim was already working on co-
chlear mechanical nonlinearity in St. Louis,
using neural techniques. After the Seefeld
meeting, he quickly adapted the otoacous-
tic emission method for animal laboratory
use and obtained clear DPOAEs from ro-
dents. He was also the first to observe
suppression of DPOAEs due to electrical
stimulation of the cochlear efferent system
in 1979.

In September 1979, the firstin- mun:am
ternational meeting was held to | MECHANCHALITIOCESSES
discuss the implications of COCHLEA
otoacoustic emissions for hear- — i
i
ing theory. The symposium on A gt
Nonlinear and Active Mechani- e

cal Processes in the Cochlea’
was held at the ILO, London |
and organized by Kemp and
Anderson. At this time mam-
malian hair cell electro-motility
was not known, although at the meeting
Fettiplace and Crawford had reported
electro-resonance of amphibian hair cells
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Stuart Anderson, who
took part in the initial
laboratory validation of
OAEs at the ILO in
1978-81




Dr Kemp in his
laboratory with Dr
Tanaka during the

1979 symposium

in which kinocilial motility was involved. It
was known that the stereo cilia of mamma-
lian sensory
cells were
mechanically
nonlinear for
large dis-
placements
but the ma-
jority present
did not be-
lieve this
nonlinearity
would be transmitted to basilar membrane
motion. The idea that the hair cell receptor
potential could generate a force to affect
basilar membrane mechanics (bidirectional
transduction) was vigorously disputed.

[though DPOAESs were recorded in
the first week of observations in
July 1977, they were initially over-

shadowed as a clinical method by the
technical simplicity of TEOAE measure-
ments and by the conceptual simplicity of
making stimulus frequency observations.
DPOAEs seemed difficult to record in hu-
man ears, required two independent stimuli
delivered by separate probe transducers
and a very high quality analyser. It was Kim
in St. Louis who discovered how strong and
readily recordable DPOAEs were in labo-
ratory animals. His observations triggered
DPOAE research in a number of laborato-
ries in the USA, including that of Lonsbury
and Martin who explored the phenomena
in rabbits together with Probst.

Clinical applications of DPOAEs were first
explored 1984 in London at the ILO using a
swept frequency DP tracking analyser. Un-
like modern instruments, complex data from
rapid 2s sweeps of the whole frequency
range were made with stimuli f1,f2 at a fixed
ratio, and averaged. The DPOAE intensity
fell sharply at frequencies where the audio-

This was despite an important new obser-
vation of mechanical nonlinearity on the
basilar membrane presented to the meet-
ing by LePage and Johnstone. Most felt
that otoacoustic emissions were a fortuitous
by-product of cochlear function, an epiphe-
nomenon, and that OAEs had no important
message for cochlear physiologists. Nev-
ertheless, from that time in 1979 the term
‘active process’ came to be used to indi-
cate the as yet unknown mechanism that
turned the linear, highly damped and poorly
tuned mechanics of the basilar membrane
seen be Bekesy into the nonlinear, lightly
damped and sharply tuned basilar mem-
brane evidenced by OAEs. The proceedings
of the meeting are published as Vol. 2 of
Hearing Research 1980, No. 3/4.
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Laboratory studies
on human DPOAEs
showed that they
possessed an in-

herent latency
similar to TEOAEs. They could be sup-
pressed by an additional stimulus tone and
suppression tuning curves showed sharp
tips. However it was clear that DP genera-
tion was complex with more than one
source. DPOAEs obtained with close
stimuli exhibited a different latency to those
with widely spaced stimuli leading to the
Wave and Placed hypothesis (Kemp 86).
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DP cochleography.
The first DP-grams
showing good
correlation with the
audiogram of
impaired ears, 1984



Ann Brown PhD, who
undertook a major
laboratory study of

DPOAEs at the ILO
from 1982

upgressar infermty: dil re stimulus

Until the advent of more powerful computer
based systems around 1990, most DPOAE
studies were conducted on rodents where
the signals were relatively much stronger
than humans. Pioneering
work on DPOAEs was
done by Ann Brown at
the ILO from 1982.
In a series of experi-
ments suppression
tuning curves were
explored, the ef-
fects of noise and
ototoxic drugs in-
vestigated and the
relationship to the
cochlear micro-
phonic was
examined. It was found
that most suppression was
usually but not always obtained
with a masker near to the 2 frequency, im-
plying that DPOAEs most often gave
information about the hearing mechanism
at 2, rather than at the frequency of the DP.
Distortion Products in the cochlear micro-
phonic were found to be so similar to
DPOAEs that they could only have been
generated as the DPOAE wave stimulated
the base of the cochlea.

From these experiments emerged the first
understandings of how to control the
stimulus parameters for optimum
acquisition of DPOAEs. For maximum 2f1-
f2 DPOAE The ratio of f1 to f2 should be
around 1.2-1.3, and as the level of f2 was
lowered to create a more sensitive measure
of cochlear status, the level of f1 needed to
be lowered by a much smaller amount. It's
now accepted that this is a result of the
sharpening of the travelling wave envelope
at lower levels.

Ann Brown’s work also revealed that many
DP components could be

repeatedly from a gerbil at three different
stimulus frequency ratios from Brown and

Kemp 1984 . The sharp tips at f2 help

demonstrate that DPOAEs convey information
about cochlear status for frequencies near f2.

3 S produced simultaneously,
i emphasing that the un-
b i i derlying nonlinearity in the
- - = cochlea was quite severe.
- - - .II This observation also
- _ L stands as a caution that
L i [ modern DPOAE instru-
[ B B ments which record only
L N ™ 2f1-f2 are not utilising all
- i the information available.
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Two close stimulus
tones at 60dBSPL can
result in more than 20
DPOAEs (from Kemp
and Brown 1986)



Niels Johnsen
reported the first
recordings of OAEs in
newborns in 1983

Dr Peter Watkin
pioneered routine
UNHS with OAEs in
London from 1989

Dr Betty Vohr
supervises the
screening of a

newborn with the

ILO88 in 1989

n 1983, Niels Johnsen, working at the

Gentofte University Hospital, Hellerup,

Denmark, applied TEOAE to healthy
newborn infants for the first time using a
machine built at the hospital. He had com-
plete success
and suggested
it as a method
of infant
screening. The
fe idea of new-
born screening
with OAEs was
taken up in
France by Pujol
and Uziel
(Montepellier) from ~1986. Using their own
instrument they confirmed the potential of
OAEs and enthusiastically promoted its use
in screening.

From 1988 the British ILO88 began to be
applied to newborn hearing screening with
some success. Under Dr. Peter
Watkin the ILO88 went into ser-
vice at Whipps Cross Hospital,
London, which became the first
hospital in the world to offer rou-
tine well-baby newborn hearing
screening with OAEs.

In 1989, the US Department of
Maternal and Child Health
funded a feasibility study of universal new-
born screening at the Women and Infants
Hospital, Providence, Rhode Island, under
paediatrician Dr. Betty Vohr, with scientific
director Karl White PhD.

After trials of OAEs against the ABR instru-
ments available at that time, they selected
the ILO88 TEOAE instrument for the study,
mainly on the grounds of speed and
economy.

The Rhode Island Hearing Assessment
Project study proved suc-
cessful and in 1993 an NIH
Consensus Statement rec-
ommended universal
newborn hearing screening
with TEOAE favoured as the
initial screen.

Other important scientifically
controlled studies of OAEs
in newborn hearing screen-
ing began around this time.
The Wessex Hearing
Screening Project in the UK under Dr. Colin
Kennedy and Lindsay Kimm rotated an OAE
screen (using ILO88) around several dis-
tricts. They proved a significant increase in
the rate of detection of infant hearing loss
with UNHS compared to tra-
ditional 8m behavioural
testing. In the USA, the
NIDCD Multi-Center
Screening Methods project
compared the effectiveness
of TEOAEs, DPOAEs and
ABR and found them
equally effective at detect-
ing infant hearing loss
when optimal stimulation
and pass criteria for each
type of test were applied.

Susan Norton PhD, leader of the
NIDCD multi-center trial
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The first UNHS team
receive training on the
ILO88 OAE instrument
in 1989

NIH Consensus
Statement 1993
recommending universal
newborn screening with
OAEs accepted as the
first screen

Lindsay Kimm, manager
of the UK's Wessex
Hearing Screening
Project




he reluctance of manufacturers to
invest in OAE technology through
out the 1980s and the collapse of

The ILO88 kit
configured with an
early laptop computer

the only interested commercial company, as sold in 1989
Peters Ltd., in 1987 held back the develop-
ment of clinical OAE instrumentation. Ten
years after the first demonstration of the ‘Co-
chlear Sounder’ to the industry there
seemed to be no way
that the increasing
need for a robust and
(I cffective OAE system  In Japan, the ILO88 was offered for re-
- for clinical research search purposes with an early laptop
= could be met. computer.
kil BE
oLt
"“".',.1.-: In 1988 the Kemp fam-  Otodynamics Ltd. was a high risk venture
% ily decided to purchase  for the Kemp family but very soon academic
' .g'! the OAE patent rights  hospitals and auditory research laboratories
from the British Gov- around the world were placing orders for
ILO software ernment technology transfer agency and the ILO88 kit. The company was a suc- Otodynamics

gained permission from the Institute of
Laryngology and Otology, University of Lon-
don, to manufacture and sell the ‘ILO88’
commercially in return for royalties to sup-
port hearing research at the ILO and
RNTNE Hospital.

The company Otodynamics Ltd. was
formed, offering the ILO88 system by mail
order for self installation in IBM compatible
PCs. The kit com-
prised two large PC
expansion cards, a
mains powered ampli-
fier, probes and
rudimentary instruction
manual. A key feature
of the software was the
rich realtime feedback
of information to the
operator. The ILO88
gained FDA clearance
for sale in the USA in
1989 with the assis-
tance of Janice Painter
of GSI. However, dis-

cess and won a British national award for
export achievement in 1993. The ILO88
became the gold standard for
TEOAE measurements. The
ILO88 was adopted for the Rhode
Island newborn hearing screening
trials and the screening application
stimulated the development of a
new neonatal OAE probe.

Many research laboratories needed DPOAE
facilities and the ILO88 could not be ex-
panded. Both Otodynamics and The Virtual
Corporation launched a DPOAE instrument
in 1992. The Virtual 330
was a DPOAE-only in-
strument, based on the
Lonsbury-Martin labora-
tory DPOAE research
and interfacing with an
Apple Mac. There were
high expectations at this
time that DPOAE tech-
nology could deliver an
objective audiogram,
which  was never
claimed for TEOAE.

neonate probe
developed 1990-3

tribution negotiations
broke down and Otodynamics began mar-
keting directly in the USA.

The Virtual 330
DPOAE instrument
launched in 1991

The ILO88 kit available
by mail order from
Otodynamics in 1988
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The Otodynamics ILO92
Otoacoustic Analyser
performed TE and
DPOAEs and was
launched in 1992

The world's first battery
portable OAE instrument,
the Otodynamics

ILO88 Echoport,
designed by Peter Bray

Otodynamics launched the ILO92, which
was the first OAE instrument to offer both
TEOAE, DPOAE and SOAE measurement
facilities. With its advanced analytical soft-
ware it became a widely used tool for
laboratory and clinical research.
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By 1994 the success of OAE screening ap-
plications was clear to all and most
audiological instrument manufacturers
made plans to offer a clinical OAE instru-
ment. Madsen launched the Celesta
DPOAE machine at the time.

However, a special need for portability was
developing in newborn screening applica-
tions. In 1993 Otodynamics addressed this
need by introducing a battery powered in-
strument which linked to any IBM
compatible PC via the printer port. The
Echoport designed by Peter Bray was ide-
ally suited for use with laptops. Its laptop
format became the model for later products
released by GSI (60) and Madsen (Capella).

In 1993, Otodynamics also
launched the world’s first
standalone OAE screener,
the Echosensor, designed
by David Brass. This unit
was battery powered, required

no computer and displayed OAE intensity
directly. It was mainly marketed in Europe.

The need for simplicity and extreme port-
ability in universal screening
programmes intensified. Several
hand-held OAE screeners were in-
troduced from 1997. These included
the Otodynamics Echocheck, the
Fischer Zoth Echoscreen and the
Biologic AuDX.

The Echocheck used traditional av-
eraging techniques to assess the signal to
noise and intensity of TEOAEs. The
Echoscreen did not measure OAE intensity
but employed a binomial probability assess-
ment related to the FSP technique used in
early ABR systems. Like
ABR screening, neither de-
vice provided frequency
specific information. The
Biologic AuDX was a
DPOAE device which
scanned a number of fre-
quencies. It was joined in
the market by other instru-
ments, including the
Etymotic Eroscan, also a
DPOAE instrument. Sub-
sequently TEOAE options
were added to both these
DPOAE instruments.

Not all screening services
chose the simplicity of
hand-held devices. In Eu-
rope, particularly in the UK
national program, access
to detailed OAE data and
test history was felt to be
desirable. This was for
traceability and as a re-
source to improve future
screening methodology.
PC based analytical OAE
instruments such as the
Echoport continue to be
used in screening for these reasons.
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The first standalone
OAE screener, the
Otodynamics
Echosensor,
launched in 1993

David Brass PHD
engineered the
Echosensor and
Echocheck screeners

Otodynamics
Echocheck TEOAE
hand-held screener

Fischer-Zoth
Echocscreen TEOAE
screener

Biologic
AuDX DPOAE
screener

Etymotic
Research
Eroscan
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Handbook of
Otoacoustic Emissions
(Hall, Singular Press)
and Otoacoustic
Emissions - Clinical
Applications (Robinette
and Glattke, Thieme
Press) provide a
detailed introduction to
the clinical uses

of OAEs.

The DP-gram
indicates cochlear
activity as a function
of frequency

he primary diagnostic application of
clinical OAE instruments is the fre-
quency specific assessment of the
degree of cochlear involvement in hearing
pathology. Hence, by comparison of left and
right ear OAEs, sudden hearing loss can
be categorised as most likely of co-
chlear origin or not, and the
ongoing status can be moni-
tored. The degree of damage to
the cochlea in diagnosed 8"
nerve tumours can be assessed
using OAEs. With infants failing
ABR screening, OAE can be used
to confirm cochlear involvement,
which is essential for the selection
of appropriate amplification.

Routine diagnostic applications of OAEs
stem from their use as part of the audio-
metric test battery. High quality
measurements must be obtained over a
wide range of stimulation conditions.
DPOAE and TEOAE recordings comple-
ment each other. TEOAESs are considered
to be most sensitive to mild departures from
normality, and readily alert to over-activity.
However, the method gives no information
once threshold is elevated by 20-30dB and
it is also not useful above 6kHz. DPOAEs
complement TEOAEs in these respects.
The standard DP clinical measurement con-
sists of recording the DP component 2f1-f2
as a function of fre-
quency. The DPOAE
method works best
from 2kHz upwards.
Acoustic calibration dif-
ficulties begin to limit
the reliability of mea-
surements above 8kHz
in human ears. By vary-
ing the stimulation level
DP-grams can be
made more or less sensitive to hearing loss.
This is extremely useful for clinical investi-
gations, allowing a broad assessment of the
severity of cochlear pathology. The actual
intensity of normal DPOAEs has a wide
spread of intensity, with less than 50% cor-
relation with hearing threshold. Tracing the

growth of DP intensity with
stimulus level backwards to
define the onset of DP pro-
duction has been popular.
However, the DP thresholds
obtained in this way are only
about 60% correlated with audiometric
threshold and so cannot replace the audio-
gram. OAE latency can be accurately
measured with DPOAE but the clinical ap-
plication of this is so far limited to testing
the validity of DP responses. DPOAE in-
tensity can be used to continuously monitor
cochlear status which has obvious clinical
applications.

Spontaneous OAEs can serve as an even
more sensitive monitor of cochlear status -
although less than half of normal ears ex-
hibit these signals.

Several OAE in-
struments
provide facilities
to perform some
if not all of the
above functions.
Otodynamics
launched a bat-
tery portable clinical system - the ILO292 -
in 1996, which has been continually up-
dated. It performs TEOAE, DPOAE and
SOAE functions, including ongoing DP
monitoring. The Madsen Capella also of-
fers comprehensive facilities with the
addition of an optional middle ear analyser.

OAE uses
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By incrementing
stimulus level with fixed
frequencies, DPOAE
growth function is
obtained

Spontaneous OAEs
indicate over-
amplification and
feedback in the
cochlea. Excessive
activity (as
below) can
result in
physiological
tinnitus but
this is
normally
associated
with function

The Otodynamics ILO292 DP
Echoport as originally launched in
1996 offered facilities for diagnostic

The Madsen Capella
DP, TE and SOAE
instrument launched
around 1999




DPs can arise from
several places in the
cochlea. Internal
reflection and
interference occurs

Shiss {14 Slim 12

he vast majority of OAE applica-

tions use the basic techniques of

TEOAE, DP-gram and DP growth
function pioneered in the 1980s and com-
mercial instrumentation reflects this fact.

There have been several technical innova-
tions aimed at improving the speed or
efficiency of OAE measurements. ‘Maxi-
mum Length Sequence’ or MLS stimulation
has been explored by MRC and the Uni-
versity of Southampton UK as means of
speeding up TEOAE data collection. The
new stimulus is effectively white noise, and
so provides a stronger continuous stimula-
tion rather than the infrequent clicks
normally used for TEOAEs. The value of
the MLS stimulus is that it yields responses
which can be readily transformed back to
click-equivalent responses. So far this has
not proven to have major overall practical
benefits but is valuable as a research tech-
nique. GSlintroduced a technique of dual
tone pair stimulation and analysis into their
GSI 60 product to increase the speed of
DPOAE acquisition. Although significant,
the improvement is not dramatic. ADPOAE
product by Vivosonic Inc moves away from
‘traditional’ frequency analysis techniques
in order to allow more immediate monitor-
ing of the DP signal. Such optimisation may
have special applications in DPOAE moni-
toring and research.

Of more fundamental significance are at-
tempts the increase the interpretability of
OAE data. Two areas have been of con-
cern. It has been known since the mid 80s
that at least two sources of DPOAE trans-
mit DPOAE to the ear canal - one from the
place in the cochlear dealing with the stimu-
lus frequency (f2) and one from the place
dealing with the frequency of the DPOAE.
This gives rise to interference and irregular

structure of the DP-gram. It is well known
that use of a carefully selected 3™ stimulus
tone can suppress the DP place signal and
smooth out these irregularities. The pre-
sumption is that the remaining DP will be
more directly related to hearing status.
Hortmann GmbH has introduced the
EchoMaster instrument with this feature.
However the central issue of how best to
define hearing status with DPOAEs re-
mains. Important research by Boerge has
resulted in a way to optimise the relation of
DP threshold to hearing threshold by chang-
ing the relative intensities of the two stimuli
used to determine DPOAE growth with
level. However, it seems unlikely that a very
high correlation with audiometric threshold
will be achieved - underlining the fact that
OAEs are a measure of outer hair cell func-
tion and not of hearing.

It has long been recognised that
many distortion products
emerge simultaneously. In ad-
dition to 2f1-f2, 3f1-2f2 and
2f2-f1 are often significant. At-
tempts to utilise the extra
information these signals may
contain have gone in two direc-
tions. Study of the complete
pattern of distortion products
enables models of outer hair cell non-lin-
earity to be developed and tested. This may
be important in the refinement of methods
to assess and quantify hair cell status and
efferent control status (see below). DP-
grams constructed from components other
than 2f1-f2, especially 2f2-f1, may compli-
ment the standard DP-gram particularly
near rapid changes in threshold.

LTI
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DPOAE spectrum
showing multiple
components

Nonlinear outer hair cell
input output
characteristics necessarily
produce distortion
products. The exact
pattern of any nonlinearity
(B,,) physically
determines the particular
pattern of distortion
product (D,E,F)



The Otodynamics
ILO292 USB-II,
designed for
binaural
measurement of
OAEs and capable
of quantifying
binaural interactions

The surface of the
organ of Corti. Hairs
of the inner hair cells
(nearest row) detect
fluid vibration causing
the cell to activate the
auditory nerves.
Movement of the outer
hair cells releases
fresh mechanical
vibration which
replaces that lost to
fluid viscosity

The development with the greatest poten-
tial clinical impact comes from the fact that
OAEs can indicate binaural interaction and

n 25 years many questions about OAEs

have been answered and many prob

lems concerning the cochlear resolved.
Most would accept today that the primary
function of the outer hair cell population of
the organ of Corti is to sustain stimulation
in the cochlea long enough for the basilar
membrane to develop a strong frequency
specific response. Their action is known
as the ‘cochlear amplifier’ and it serves not
only to increase hearing sensitivity and fre-
quency discrimination, but also to provide
the signal compres-
sion needed to match
the enormous dy-
namic range of
sounds to the limited
dynamics range of
nerve fibres.

OAEs are definitely
peripheral to this
process. They are due to leakage of energy
from the cochlea and ultimately must be
regarded as due to imperfections in the
cochlear system. Nevertheless, the
intensity of OAE generally indicates the
health of the cochlea. Therefore we should
not see OAEs as a measure of imperfection
but as a measure of how near the cochlea

the operation of the cochlear efferent
system. Although suspected
through the 1980s, it was not until
Collet demonstrated the sup-
pression of TEOAEs by
contralateral noise, in 1991, that
clinical research began with this
technique. The literature is ex-
tensive, with major contributions
from Berlin, Collet, Hood and
Tavartkiladze Many major questions re-
main - not least concerning the functional
role of the cochlear efferent system. Nev-
ertheless, we are on the brink of seeing
OAEs used as a practical tool of neurologi-
cal investigation of the auditory system.

has come to reaching the limit of
performance imposed by the very nature of
biological tissue.

Outer hair cells  stimiulus wizne- rioeling fowards opss:
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are the driving

Binaural interactions
affect OAEs
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force behind e
this remarkable %

feat. Un-damp-

ing of the
basilar mem-
brane is

essential to
overcome the
loss of stimulus energy to friction. Each
outer hair cell responds to create its own
minute travelling wave, synchronised to the
stimulating wave. Whereever it is located,
its instantaneous contribution is guaranteed
to support the stimulating wave - just as in-
side a laser. Equally their individual
contributions to a reverse wave will annihi-
late each other - but ONLY so long as the
distribution of their contribution is spatially
uniform. In reality, as outer haircell gain is
increased, there comes a point where any
smallirregularities in outer hair cell arrange-
ment activity become magnified and
significant stimulus frequency energy trav-
els backward, to cause OAEs.
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Each outer hair cell
creates its own travelling
wave along the basilar
membrane, both forward
and backward. The
forward wave is
strengthened (ie
amplified) by this but the
reverse contributions
destroy each other,
unless there is spatial
irregularity in outer hair
cell activity



Multiple DPOAEs
are produced by two
tones (RK)

Outer hair cell action is necessarily non-lin-
ear. Distortion in basilar membrane motion
is therefore inevitable. The force generated
by an outer hair cell in response to a sine
wave will not be a sine wave, but will be
distorted by harmonics. The force gener-
ated by a mixture of stimulus frequencies
will  contain
intermodulation
components.
With two pure
tone stimuli
with frequen-
cies f1 and 2,
intermodulation
distortion cre-
ates new tones
spaced exactly
(f2-f1) apart
centred on the stimulus tones. Thus f1 is
joined by f1-(f2-f1) and 2 is joined by f2+(f2-
f1). These formulae simplify to the well
known 2f1-f2, 2f2-f1.

Intermodulation distortion must be gener-
ated everywhere along the basilar
membrane that f1 and 2 mix, i.e. every-
where inside the f2 wave envelope.

But the clinical uses of DPOAE depend on
the DP emission orginating from a limited

F2-Fi= 1.2 W= ZFI-1F2

spatial region. This is supported by supp-
ression tuning experiments (see DP
experiments). With certain stimuli,
(f2/f1~1.2) the DP 2f1-f2 do appear to come
largely from the f2 place. But this is not
100% the case. Other stimulus
combinations resultin DPs emerging mainly
from the DP place. What has emerged from
research is that direct transmission of
DPOAE from the f2 place requires specific
stimulus frequency ratios that result in the
array of hair cell distortions are phased
along the basilar membrane so that they add
up to a reverse travelling wave. DP origin
may not be as place specific as we once
thought. Current research is focusing on
understanding the complex origins of DP
emission and this will improve confidence
in DPOAE interpretations.

DF fregquency {Hz|

As the stimulus
travelling waves
progress along the
basilar membrane
(from black to green
to red), the spatial
phase pattern of
distortion also
progresses. Here
for f2/f1=1.2 the
progression is basal
(left). For f2/f1<1.1
the progression is
apical (right)

From Knight and Knight 2001, a map of DPOAE 2f1-f2 (upper) and 2f2-f1 (lower)
intensity against DP frequency in a single healthy ear for a wide range of stimulus
frequency ratio f2/f1. The map demonstrates the complex individual patterns of DP
production and reveals the two known transmission paths. The horizonal band
(upper) relates to wave fixed (or direct) distortion emission, whereas the vertical
bands arise from place fixed (or ‘reflection’) emission.
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echnological developments will im-

prove the speed and efficiency of

processing and data collection.
Meaningful (rather than convenience based)
combinations of audiological technologies
will evolve. Perhaps the first of these will be
the reinvigoration of middle ear examina-
tion through the introduction of reflectance
measurements and their integration with
OAE analysis.

Research will certainly extend the clinical
applications of OAEs in the near future.
While better estimates of audiometric
threshold will become possible, attention will
gradually shift from threshold to the quanti-
tative assessment of outer hair cell status.
For this, currently discarded OAE compo-
nents and parameters will be incorporated
into routine measurements. The stimuli

used for testing will become much more
varied with tones and clicks giving way to
complex sounds dynamically engineered to
probe the characteristics of an individual’s
cochlear system. As the genetics of hear-
ing loss becomes known, the role of OAEs
in the delineation of sub-clinical conditions
will increase.

The role and mechanism of the cochlear
efferent system will become better under-
stood and its examination by OAEs will
become commonplace. Binaural OAE in-
struments will become essential.
Comprehensive otoacoustic examination
will become a routine part of audiological
examination, not just for those with hearing
loss - but as part of wider hearing conser-
vation programs.
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