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Abstract

Otoacoustic emissions (OAE) are sounds which are emitted by the ear in response to
acoustic stimulation as a byproduct of normal mammalian auditory function. Published
research into OAEs leaves many of their detailed characteristics unreported or of
uncertain explanation. For example, the mechanisms by which the emissions occur and
how many emission mechanisms or categories there are have not yet been clearly
established.

The purpose of this study was to obtain comprehensive OAE data in a format which
would permit specific questions regarding the mechanism of their generation and
emission to be answered.

Both distortion and transient evoked OAEs responses (DPOAE and TEOAE) were
obtained from healthy human ears. It was found these two responses can have similar
characteristics but only if a restricted set of DPOAE stimulus parameters are employed,
implying that under these conditions the underlying emission mechanisms are closely
related. Another significant finding is that lower sideband DPOAE (e.g. 2f;-f;) obtained
with stimuli f,/fi>1.1 has fundamentally different phase characteristics (and hence
origins) to all other DPOAE: .

A new frequency/area representation of detailed DPOAE intensity and phase data has
been developed. This revealed that lower and upper DPOAE sidebands are a
continuation of each other for fi~=f,, implying a continuity of emission mechanism.
This and the transition of behaviour pattern in lower sideband DPOAE for f5/fi>1.1
supports a one source/ two emission routes model for DPOAE.

DPOAE:s arriving in the ear canal by these two routes have been successfully separated
and analysed and inferences are drawn regarding the location of DP generation.
Amplitude fine structure was demonstrated to be partly due to interference between the
two components but also an additional mechanism is involved, perhaps interference
within emission generation regions or internal reflections. A simple transmission line
model demonstrated that the hypothesis can explain the results seen to a good

approximation.
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A. Introduction

I Overview of the human ear

The function of the external auditory system is to collect sound and convert it to a
neural signal containing coding for sound frequency and level. It comprises three main
stages. (1) The external ear collects the ambient sound, (2) the middle ear provides an
impedance transformation from air in the external ear to fluid in the cochlea, (3) in the
cochlea the sound vibration encodes a neural signal.

Vibrational energy, which is generated in the healthy cochlea in response to sound
applied to the ear canal, can be emitted back to and measured in the ear canal. The
cochlear mechanisms behind this process are the subject of this project. Nevertheless it
is appropriate to consider the structure and function of the peripheral auditory system

first as this affects the emitted sound that is measured in the ear canal.

a. Structure and function of the external ear

Figure 1 shows a section through the human ear. The external part of the ear includes
the pinna and the external auditory meatus. In humans, the pinna has a limited effect of
collecting sound energy which would otherwise have missed the ear canal.

The external auditory meatus transfers the sound collected by the pinna to the eardrum,
and is approximately 3 cm long. It is open at one end and closed at the other by the
eardrum. If the eardrum is assumed to be approximately rigid its first resonance occurs
when the length of the auditory meatus = 1/4 A. This corresponds to a frequency of
approximately 3 kHz, and therefore the external auditory meatus resonates at around
this frequency, increasing the sound transmission to the middle ear in this frequency
region. The gain obtained by the external ear as a whole is direction-dependent and can
be up to 20 dB (Shaw, 1974) (figure 2). The directional dependence of the external ear
allows limited localisation with just one ear, especially if the head is turned during
sound presentation or if the frequency content of the sound source is known. However
most localisation is based on timing and intensity differences between two ears with the

effect of the pinna helping to resolve up/down and front/back ambiguities.
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b. Structure and function of the middle ear

Transmission of sound energy from air in the outer ear (which is low impedance) to
water-based fluid in the inner ear (which is high impedance) requires an impedance
matching device in order to prevent loss of energy due to reflections at the boundary
between the two media. This is the function performed by the middle ear.

There are three facets to the way in which' the middle ear provides the necessary
impedance transformation between the outer and inner ear (after Pickles, 1988, ppl17-
19)

1. The main factor is the difference between the area of the tympanic membrane and the
area of the foot of the stapes. The area of the tympanic membrane is larger (by a factor
of about 35 times in the cat), so the force applied to the tympanic membrane is focused
onto a smaller area, increasing the pressure by this ratio.

2. The length of the malleus is about 1.15 times that of the incus, therefore the lever
action increases the force and reduces the velocity by this factor. The impedance (which
is the ratio of pressure/velocity) is increased by 1.15% i.e. 1.32. This is therefore a small
factor. :

3. Khanna and Tonndorf (1972), from observations made by time-averaged holography,
showed that the tympanic membrane buckles as it moves in and out in response to an
incident sound wave and that this buckling results in the arm of the malleus moving less
than the tympanic membrane as a whole. The effect was seen at all frequencies studied
(600 Hz to 6 kHz), the pattern of vibration becoming more complex above 3 kHz with
higher modes of vibration being excited. This buckling motion could result in an
increase in force with a reduction in velocity, potentially increasing the impedance
perhaps by up to a factor of 4. It is arguable to what extent this is an efficient impedance
change or how much it results in loss of energy through reflection.

The input impedance of the cochlea has been measured in human temporal bones by
Aibara et al, 2001, whose measurements suggest an acoustic impedance of
approximately 21 GQ for the stapes and cochlea at 1-4 kHz. This was consistent with
the earlier estimate of Puria et al, 1997 but lower than the estimate of Merchant et al,
1996, who obtained their estimate by measuring the impedance of the stapes/cochlea
input impedance before and after draining the cochlea.

The question arises whether the impedance transformation of the middle ear is enough
to perfectly match the impedances of air and the fluid filled cochlea. An estimate can be

obtained from the figures presented here. If the three impedance transformation
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mechanisms described above are multiplied (assuming that the third one is valid), the
total transformer ratio is found to be 35x1.32x4=185.

The acoustic impedance of the stapes and cochlea measured by Aibara et al. (2001)
was approximately 21 GQ (Acoustic ohms) in the frequency region 1-4 kHz.
Multiplying this by the area of the stapes footplate (3.2 mm?) gives a value of 67x10°
Ns/m® with the same units as specific acoustic impedance. Dividing this impedance by
the estimated transformer ratio of the middle ear gives 67x10° Ns/m%/185 = 363 N s/m’,
which is close to the specific acoustic impedance of air (430 N s/m?).

Deriving the middle ear transformer ratio is, however, subject to some uncertainty. von
Bekesy (1960) suggested that the human tympanic membrane has an element of a
hinging action. Force applied near the hinge will result in less movement than force
applied further from the hinge. It may therefore be appropriate to use a smaller
‘effective’ area for the tympanic membrane, but on the other hand, this tympanic
membrane motion may result in a larger effective ratio for the lever action of the
ossicles by effectively adding to the length of the malleus. It should also be remembered
that estimates of the cochlear input impedance vary.

Bray, 1989 indicates, by considering Zwislocki’s 1962 model of the middle ear, that
the impedance presented by the middle ear from the ear canal would also be modified if

the ear canal was occluded.

c. Transfer function of the middle ear

The sound pressure gain of the human middle ear has been measured by Aibara et al.
(2001) (figure 3).

The gain peaks at 1.2 kHz, at which the gain is about 23.5 dB, rolling off at both higher
and lower frequéncies.

The low frequency part of the transfer function will be reduced by elastic stiffness
provided by various elements in the middle ear, for example the elasticity of the
tympanic membrane, ossicle ligaments and compression and expansion of the air in the
middle ear cavity. These factors become more significant at low frequencies because,
for constant sound pressure level, displacement is inversely proportional to frequency.
Therefore low frequencies result in greater displacements of the middle ear structures

and therefore a greater significance of the elastic stiffnesses.
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d. Middle ear muscles

There are two middle ear muscles, the tensor tympani is attached to the malleus near
the tympanic membrane and is innervated by nerve V. The stapedius muscle is attached
to the stapes and is innervated by the facial nerve (VII). Contraction of these muscles
increases the stiffness of the ossicular chain and therefore reduces transmission in the
stiffness-controlled frequency region (Pickles, | 1988, p23), which is below
approximately 1 kHz (Borg, 1968). The stapedius muscle can be caused to contract by
loud sound (e.g. above 75 dBA SPL), talking, tactile stimulation of the head, or general
bodily movement (Carmel and Starr, 1963). In some cases, the middle ear muscles can
be contracted voluntarily.

There are many possible reasons why the action of the muscles may be desirable (after
Pickles, 1988, p24).

- The contractions result in attenuation which may protect the cochlea from noise
damage. It has been shown that, in cases of unilateral Bell’s palsy (which paralyses the
facial nerve), greater temporary threshold shifts occurred as a result of low frequency
noise exposure in the ear with Bell’s palsy than in the other ear (Zakrisson and Borg,
1974). However the reflex takes around 100 ms to activate fully (Dallos, 1964; Clemis
and Sarno, 1980) and is therefore too slow to save the cochlea from damage by
impulsive noise.
- For low frequency stimuli, the middle ear muscles can act as an automatic gain control
for a 20 dB range above the reflex threshold (Wever and Vernon, 1955, measured in
cats). The intensity of input to the cochlea can be kept relatively constant when the level
of the stimulus varies.

- The middle ear muscles may be able to reduce the depth and move the frequency of
the dips in the transfer function in the region of 4 kHz attributed to the resonance of the
middle ear bavity (Simmons, 1964).

- Attenuation of low frequencies in the cochlea can improve the perception of middle
and high frequencies by reducing unwanted ‘masking of high frequency hearing by
lower frequencies.

Although all 4 factors are likely to be true, the first and the last are the most likely to
be useful.

e. Structure and function of the cochlea

The cochlea is a coiled, fluid-filled structure which, in humans, has about 2 ' turns.

Figure 4 shows a cross section through the cochlear duct.



% #

$ %
! #
( |
=T 1T
$
* # $
T25 C ( # 4322# +.
Y
ce J8 6 vz (7

>3 " " # 432:

% # # $

) 4 433+
%
, $ $ IT

% @

( #

I $ %

#
( # 4322# +:

$ $ 9
% $ $ $

%



*3

%

( # 4322#

"%
1 # 432:
432;
(
@ s 8

%

E8

$

%
%
% K
% $ 6 $ M
$
@ ) # 432>
) # 433+ %
$
%
'@ 6*N N
(
8
$
+3

432:



Mechanisms of otoacoustic emissions A: Introduction 18

The stereocilia are arranged in a V or W shape (outer hair cell) or an approximately
straight line (inner hair cell) and are connected by tip links, which run from the top of
each stereocilia to the side of the larger adjacent stereocilia. It is believed that these tip
links may open and close an ion gate when the stereocilia are moved by movement of
the basilar membrane relative to the endolymph (Pickles et al, 1984; Hudspeth, 1989;
Preyer et al, 1995).

Outer hair cells have predominantly efferent innervation and the terminals enclose the
base of the cell, but outer hair cells also have some type II unmylenated afferent fibres.
Inner hair cells have predominantly type I mylenated afferent innervation. Efferent
fibres also travel to the inner hair cells, but these tend to synapse to the afferent terminal
rather than the cell body itself.

In all, around 90-95% of afferent fibres synapse with inner hair cells, with about 20
fibres going to each cell. The remaining fibres synapse with outer hair cells, each fibre
synapsing with perhaps 10 hair cells (Pickles, 1988, p36).

So the OHC’s mainly efferent innervation suggests that they are mainly ‘under control’
whilst the IHC’s extensive afferent innervation suggests that they primarily have a
‘detection’ role.

The way the structure appears to function is that the transverse movement in the basilar
membrane, enhanced by the outer hair cells, results in a lateral movement of endolymph
between the hair cells and the tectorial membrane. The inner hair cells sit on a part of
the basilar membrane which contains a shelf of bone and therefore is rigid, but the
movement of the endolymph relative to the cells of the organ of Corti results in the
deflection of the stereocilia of the inner hair cells, which causes ion gates in the
stereocilia to open (Hudspeth, 1989; Dallos, 1992). The ions entering the outer hair cell
change the cell potential, resulting in the nerve firing at the base of the cell. Nerve
impulses produced in this way travel up the auditory pathway, ultimately providing a

sensation of hearing.

f. The cochlear travelling wave

As the footplate of the stapes moves in response to sound, it applies force to the oval
window of the cochlea. The cochlea is a rigid-walled structure and the only mobile part
is the round window. Therefore as the oval window is moved in by the stapes, the round
window moves out. The oval window is above the basilar membrane and the round
window is below it, so the movement of the two windows causes a transverse

displacement of the basilar membrane. Interaction between the basilar membrane and
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and observed movement on the Reissners’ Membrane and presumed that this was
similar to the movement of the Basilar Membrane below it. An example of his data is
shown in Fig 7. The broad tuning shown was not sharp enough to account for the fine
frequency selectivity of human hearing, so it was presumed that this frequency
selectivity was somehow achieved by processing at a more central stage of the auditory
pathway.

However, Bekesy’s results were achieved at high intensities (130 dB SPL), a level
necessary in order to produce motion which could be observed in light under a
microscope. Therefore the results are not a demonstration of the cochlea under normal
working conditions. Also the cochleas that were used were dead (and therefore
metabolically inactive) and were also very thoroughly opened up in order to allow good
observation.

More recently, the Mossbauer technique (see Yates and Johnstone, 1979 for a
description of the method) has allowed gfeater resolution in observation of the basilar
membrane movement, meaning that measurements can be obtained at physiological
sound levels. Adoption of less destructive surgical techniques means that measurements
can be obtained from cochleae that are still metabolically active. Essentially, the method
is based on the effect of Doppler shifting on the absorption of gamma photons by a
radioactive isotope.

Measurements of cochlear motion using the Mossbauer technique to observe healthy
cochleae have shown much sharper tuning of the travelling wave envelope and non-
linear growth around the travelling wave peak (e.g. Rhode, 1971 (in Squirrel Monkeys);
Sellick et al, 1982 (in Guinea Pigs); Robles et al.,, 1986 (chinchilla)). These data
typically show about 2-3 cycles of phase delay to the travelling wave peak, and this
does not change much with frequency. Therefore low frequencies take longer to reach
their frequency place in proportion with their longer oscillation time period.

More recently, laser velocimetry has offered an alternative method, based on
measuring velocity by detecting the doppler shift of light reflected from the basilar
membrane (e.g. Recio et al., 1998 (in Chinchilla)). Usually a small glass bead is placed
on the basilar membrane to allow a strong reflection to be obtained. It has been shown
that this sharp tuning and compressive growth is not present in deaf ears and disappears
rapidly after death and so could not have been measured by Bekesy using dead ears. The
compressive growth characteristic means that even if Bekesy had used live ears, the
high stimulus level would have still resulted in a broadly tuned characteristic being

observed.
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ii) Controlling the travelling wave shape — damping and amplification

The sharpness of the travelling wave envelope is essentially controlled by the damping
of the system. The more damping, the more energy is lost from the travelling wave as it
progresses. The travelling wave envelope therefore becomes flatter and reaches a peak
earlier. It is widely believed that removing all damping would not be sufficient to
explain the amplitude growth along the basilar membrane and that amplification (or
‘negative damping’) is required (Gold, 1948; Brass and Kemp, 1993b;, de Boer,
1983a,b; Davis, 1983; Kim 1980).

Although the presence of an active amplification process acting on the cochlear
travelling wave is now generally assumed (e.g. Kemp, 1979a; Davis, 1983) it remains
possible that a passive, saturating, physiologically vulnerable mechanism exists which
provides the sharp tuning seen in basilar membrane measurements (Allen and Neely,
1992; Allen and Fahey, 1993; Allen, 1997, Allen, 1980). This will be revisited later, in
the context of otoacoustic emissions.

The identity of the amplifying structure is presumed to be the outer hair cells. The
structure of their lateral walls is such that they can and do change length with a change
in cell electrical potential (Ashmore, 1987; Brownell, 1990). The compressive growth of
the peak of the travelling wave envelope on the basilar membrane (Johnstone et al,
1986) is believed to be a result of saturating outer hair cell activity. In cases of cochlear
hearing loss (due to a loss of outer hair cells), the low-level phon contours (see figure 10
for phon contours for normal hearing) are raised but the high level contours are little
changed, reflecting a reduction in dynamic range and much more rapid loudness growth

(Steinberg and Gardner, 1937).

iii) The cochlear pressure wave

Fluid pressure waves in the cochlea, in contrast to the travelling wave of the basilar
membrane, show little change in phase along the length of the cochlea. This
demonstrates that sound travels throughout the cochlea almost instantaneously (Dancer
and Franke, 1980; Magnan et al, 1997, Dancer et al, 1997, Dancer, 1992). The ‘pressure
wave’ does not apply differential pressure to each side of the basilar membrane and so

does not result in basilar membrane movement, stereocilia deflection or nerve firing.

g. The retrocochlear afferent and efferent auditory pathways

Although detection of sound occurs at the inner hair cells, the signal must travel

through the auditory pathway which passes into the brainstem and eventually to the



%
432+W
%
% &
$
4+5
455
7
> %
$%
& %3
) # 4309:
% $

#
$
# 432,
$
$
$ 45
%
4 +5 %
455
- %
> %
%
455 $%% 4555 +555
" & K B
&
?
!
$# $

%

45#555

7 (KB#

# 4325W 6 $

# 439:

# A432+#

6 # 43;> 9



Mechanisms of otoacoustic emissions A: Introduction 24

The transfer function of the middle ear, measured by Aibara et al, 2001, is shown in
figure 3. The function has a broad bandpass characteristic, peaking at 1.2 kHz.

Although the main frequency dependence of threshold of hearing can be related to the
external and middle ear transfer functions, this doesn’t fully explain the frequency
response of hearing as it is level dependent, as indicated by the phon curves in figure 10.
Ultimately there is a limited range of frequencies for which the basilar membrane is
tuned, which Bekesy (1960) reported to approximately correspond to the typical 20-
20000Hz frequency range of hearing in humans.

The quietest sound that the cochlea can detect is limited by the noise floor of the
movement of the inner hair cell stereocilia. This sensitivity is enhanced by the activity
of the outer hair cells, but these too have an effective noise floor based on the random
noise movement of the basilar membrane in the absence of a travelling wave generated
by an external acoustic stimulus. The maximum sound pressure level that the cochlea
can respond to is commonly reported as approximately 120 dB SPL (threshold of
feeling) or 140 dB SPL (threshold of pain), although damage to cochlear structures

occurs when these sound levels are experienced.
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II Introduction to otoacoustic emissions

The term ‘otoacoustic emission’ is applied to sound vibrations which are generated
within the cochlea (either in the absence of acoustic stimulation or in response to
acoustic stimulation), are transmitted through the middle ear and are measured as sound
in the ear canal.

It is generally concluded that otoacoustic emissions arise specifically from the outer
hair cells because (1) When OHCs are damaged by noise or other mechanisms such as
ototoxic drugs, OAEs are not present (Brown et al, 1989) (2) Outer hair cells can be
stimulated to move (Brownell, 1983; Ashmore, 1987; Brownell, 1990) and are therefore
a good candidate as a source of sound vibration and (3) A saturating gain can explain
the large dynamic range of hearing and this dynamic range is reduced when the outer
hair cells are lost (Kiang et al, 1970).

Outer hair cell electro-motile activity is thought to be helpful for enhancing the
sensitivity and frequency resolution of hearing. Otoacoustic emissions are assumed to
be generated as a byproduct of this nonlinear motile response of the outer hair cells to
basilar membrane motion, which sets up a reverse travelling wave. This proceeds to the
base of the cochlea, is transmitted through the middle ear by the ossicles and can be
measured as sound in the ear canal.

Measurement of an evoked otoacoustic emission is therefore dependent on both the
forward and reverse transmission characteristics of the middle ear in addition to the
mechanisms within the cochlea (Kemp, 1997).

Sound being emitted by the ear is contrary to intuition as, in the Bekesy (1960)
travelling wave model of the cochlea, stimulus energy only travels from base to apex. In
particular, emissions which occur in response to acoustic stimuli travel in the opposite
direction to the travelling wave initiated by the stimulus and a mechanism for this
‘turnaround’ is required.

Kemp (1978) first measured otoacoustic emissions from human ears in response to
click stimuli. The emissions were attributed to the cochlea because of the long time
delay (responses earlier than 5 ms were excluded by time windowing), the emissions
didn’t adapt to changing stimulation rates and reversed polarity with the stimulus so
were not of middle ear/muscular origin, and the emissions didn’t occur in ears with
cochlear deafness. In this regard, evidence of OAE frequency specificity continued to
accumulate (Rutten, 1980; Kemp et al, 1990; Collet et al, 1991; Norton, 1993; Moulin et
al, 1994).
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Questions were initially raised regarding whether OAE are from the cochlea because
of the difficulty in explaining waves travelling towards the base in the cochlea and also
the time delay was longer even than that expected from electrophysiological estimates
of cochlear travelling time. Even if OAE were of cochlear origin, it was debated
whether the phenomenon was useful or only of curiosity value. However, the frequency
dispersive nature of the response and the lack of an alternative reflection source implied
that the source was in the cochlea. Gradually the doubts were satisfied by the detection
of sharper tuning in the cochlea (including longer travel times) (Sellick et al, 1983;
Johnstone et al, 1986; Robles et al, 1986) and increasing evidence of normal cochlear
function being necessary for OAEs to be measured.

OAE’s have since been put to extensive clinical use as an indicator of normal cochlear

function and have also proved to be useful in research into cochlear mechanics.

a. Forms of OAE

Otoacoustic emissions occur in general in response to any acoustic stimulation. The

question arises as to what stimuli would be interesting and useful to investigate. Stimuli
can be designed in such a way as to yield responses which are of a convenient form for
specific purposes.

i) Short duration stimulus

One example is a stimulus of short time duration, for example a click stimulus. Such a
stimulus inherently has a wide frequency spectrum and evokes a response with a wide
frequency spectrum. This form of measurement shows the transient response of the
cochlea over a wide frequency range (typically 500 Hz to 5 kHz in humans). The
otoacoustic emission returns to the ear canal several milliseconds (up to about 20ms)
after the stimulus because of the travel-time delay associated with the cochlear
travelling wave and therefore can be separated from the stimulus by time windowing.
The first part of the time-domain response of a measurement obtained in this way is
dominated by high frequencies, later parts of the response contain lower frequencies.
This is because low frequencies take longer to travel to their frequency place in the
cochlea and back than do high frequencies (section A I f (i)). At frequencies above
about 5-6 kHz, the delay of the otoacoustic emission relative to the stimulus is short
enough for it to be difficult to separate the cochlear emission from the ear canal ringing
in response to the stimulus. This method is therefore not appropriate for high frequency
measurements. Measurements of this form are commonly called Transient Evoked

Otoacoustic Emissions (TEOAE). The TEOAE response is frequency specific in that the



Mechanisms of otoacoustic emissions A: Introduction 27

response tends to be limited to frequency regions which were stimulated and at which
hearing thresholds are close to normal (e.g. Kemp et al, 1990; Norton, 1993). However,
Yates and Withnell (1999) have shown that TEOAE can also contain significant
amounts of intermodulation distortion which would not need to be from the exact
frequency place in the cochlea corresponding to the emission frequency. Also Avan et al
(1997) have shown a possible correlation between high frequency hearing sensitivity
and TEOAE level.

i1) Continuous stimulation by a single frequency

In the opposite extreme, a sound stimulus of a single continuous tone may be applied.
The physiological response would be expected to show the suppressible or saturating
characteristics of the cochlea, although at low levels (SL< 20 dB) emissions can exhibit
linear growth with stimulus level (Zwicker and Schloth, 1984). The cochlear response to
a single frequency stimulus is predominantly at the stimulus frequency, although
otoacoustic emissions at harmonic frequencies are possible. Emissions which occur at
the same frequency as a continuous stimulus tone cannot be separated from the stimulus
in the ear canal by time windowing or frequency analysis and one of two other methods
are employed. The presence of an otoacoustic emission can be demonstrated by
suppressing it with a high level masking tone at a close frequency to the emission, the
difference in level measured at the emission frequency with and without the masking
tone indicates the presence of the emission (Keymp and Chum, 1980b; Brass and Kemp,
1991a).

Alternatively the emission can be demonstrated by showing that it saturates. The
stimulus is applied at a low level and then at a higher level (presumed to swamp any
otoacoustic emission). The difference between the measurement at low level and the
measurement at high level scaled down indicates the presence of the emission (Zwicker
and Schloth, 1984).

Emissions at the frequency of a pure tone stimulus (commonly called Stimulus
frequency otoacoustic emissions, SFOAE) are not always found across a wide
frequency range. Furst et al (1988) reported finding SFOAE in 4 ears out of 7, however
Lonsbury-Martin et al (1990) found SFOAE in all 44 ears tested, although not across
the full frequency range. The most common frequency for SFOAE to be successfully
identified was between 700 Hz and 1.4 kHz.

SFOAE may be defined in terms of reflectance, being the ratio of forward and
backward travelling waves, often defined at the stapes but measured from the ear canal

(Shera and Zweig, 1993; Zweig and Shera, 1995).
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iii) Continuous stimulation by a bi-tonal stimulus

In order to investigate nonlinear aspects of cochlear mechanisms with otoacoustic
emissions, stimulation by two simultaneous tones can be employed, which results in the
emission of a family of intermodulation distortion products at frequencies given by
f2+N(f2-f1), where fi and f; are the stimulus frequencies and N is a small positive or

negative integer (figure 11).

A
Level . .
Lower sideband Upper sideband
distortion products distortion products
1 1
2f,-f,
38,28, 2f,-f,
| | | >
fi f,
Frequency

Figure 11. An illustration of a frequency spectrum of DP stimuli (at frequencies f; and
f2) with a family of distortion products. The spacings between each distortion product
are equal, being f,-f;.

The presence of distortion products indicates that nonlinear behaviour is occuring at
some location where f; and f, are present, although the mechanism by which the
distortion product is emitted from the cochlea may be linear. These emissions are
usually termed Distortion Product Otoacoustic emissions (DPOAE). They can
conveniently be separated from the stimulus tones by analysis of the ear canal response
in the frequency domain. The frequency resolution afforded by the Fourier transform
from the time to the frequency needs to be adequate to separate the distortion products
from each other and from the stimulus. The resolution in the frequency domain depends
on the length of the time samples (frequency resolution is defined by 1/sample length).
Higher frequency resolution than this reduces the amount of noise in each point in the
frequency spectrum and therefore improves the signal to noise ratio if the noise is
broadband.

The amount of each DP generated on the basilar membrane will depend on the shape
of the input/output characteristic of the basilar membrane motion. Frank and Kossl

(1996) demonstrated this by showing that if the working point of the cochlear partition
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is shifted by applying a 5 Hz tone with f; and f;, the levels of the 2fi-f; and f;-f;
DPOAE:s can change by more than 10 dB.

The intensity of the distortion products also depends on the stimulus parameters. The
2f,-f; DP component is usually the largest and so has been most extensively studied,
commonly with a frequency ratio f,/f; between 1.2 and 1.3.

Even so, in humans the level of the 2f)-f; DP is typically at least 50 dB below that of
the stimulus. In non-primate mammals, distortion products are easier to measure, with
sometimes a forest of DPs being visible in the frequency domain and the 2f;-f; DP
commonly being only 20 dB below the stimulus level in gerbils (Brown and Kemp,
1984; Brown, 1987).

iv) Otoacoustic emissions in the absence of a stimulus

Finally, otoacoustic emissions can occur in some ears in the absence of acoustic
stimulation. They are characteristically pure tones which are emitted in the absence of
acoustic stimulus (Kemp, 1979a; Zurek, 1981). Prevalence reported among humans
varies depending on the measurement method, typically being between 30 and 70% per
ear (e.g. Penner and Zhang, 1997, Moulin et al, 1993). Spontaneous otoacoustic
emissions (SOAE) usually occur at frequencies between 1 and about 3 kHz although
they can occur up to 8 kHz, and they are usually between —10 dB SPL and +20 dB SPL
(Moulin et al, 1993) so the loudest are audible to others in quiet conditions. It was
initially thought that these emissions may be a common cause for tinnitus, but it is now
known that SOAE are rarely audible to the subject (review, Bright, 1997) with
occasional exceptions (e.g. Penner, 1988). SOAE only occur in frequency regions of
normal or near normal hearing (Moulin et al, 1991).

It is generally accepted that SOAE are a result of repeated reflections between the
frequency place and the base of the cochlea resulting in ‘feedback’. It has been shown
that the level and frequency of SOAE are sensitive to postural changes, which can affect

perilymph pressure in the cochlea (Wilson, 1980; Bell, 1992; de Kleine et al, 2000).

b. The significance of OAEs

OAE:s have been shown to be of use mainly in 3 distinct areas: newborn baby hearing
screening, diagnostic discrimination between peripheral and retrocochlear hearing loss,
and research into the mechanical behaviour of the cochlea.

Otoacoustic emissions are utilised extensively in research as the detail of OAE

responses is determined by characteristics of cochlear function, such as the travelling
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wave phase characteristics, the non-linear gain and the tuning characteristics. OAEs
therefore provide a noninvasive probe of cochlear function.

TEOAE and DPOAE have been shown to be highly effective for newborn baby
hearing screening by several major clinical trials (White et al, 1993 — the Rhode Island
project, Norton et al, 2000a,b), and in the UK the Wessex project (Kennedy et al, 1998).
In the UK, ongoing screening has been running at Whipps Cross Hospital since 1991
(Watkin, 1996a,b). False positive rates (i.e. failure of a hearing ear to pass the screen)
are typically below 5% (e.g. Watkin and Baldwin, 1999) and are almost always caused
by middle ear fluid or a noisy baby. Use of an Automated Auditory Brainstem Response
measurement on bilateral TEOAE fails in the Wessex project reduced false positive
rates to below 0.6% (Kennedy et al, 2000). (Watkin and Baldwin (1999) preferred to
retest bilateral TEOAE fails on a later date and then routinely use AABR only after a
second bilateral fail). False negatives (i.e. a deaf baby passing the screen) are rare and
are a result of either a retrocochlear hearing loss, an early onset progressive hearing loss
history (e.g. Watkin, 1996b; Lutman et al, 1989; Stein et al, 1996) or are associated with
risk factors such as time in a neonatal intensive care unit (Lutman et al, 1997).

As OAEs are of cochlear origin, the inner hair cells and retrocochlear pathway do not
need to be functional for otoacoustic emissions to occur. Because of this, otoacoustic
emissions are also used for diagnostic purposes in cases of known hearing loss (e.g.
Bonfils and Uziel, 1989; Lutman et al, 1989; Robinette and Facer, 1991; Robinette,
1992; Kvaerner et al, 1996) as OAEs may still be measurable in cases of retrocochlear
hearing loss but will be reduced or absent in a conductive or cochlear hearing loss.
Otoacoustic emissions therefore provide a useful discrimination between retrocochlear
and conductive/cochlear hearing losses although in some cases the cochlea can be
damaged as a secondary effect by a retrocochlear pathology (review, Robinette and
Durrant, 1997). Another clinical use for OAEs is that of monitoring cochlear function
over time, particularly during the course of necessary ototoxic drug administration or a
changing medical condition (Brown et al, 1989 (in guinea pigs); Yardley et al, 1998;
Kusuki et al, 1998).

Which out of TEOAE and DPOAE is the better test depends on the specific
application. TEOAE seems very suited to neonatal hearing screening as it is
straightforward, is relatively stimulus p‘aramet'er insensitive and has excellent artefact
rejection (Bray and Kemp, 1987). There is also a vast database on which to base a
pass/fail criteria. The TEOAE test is also continuous in the frequency domain, the

resolution is only limited by the acquisition parameters. DPOAE, meanwhile, tests each
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frequency sequentially and the frequency spacing between points is determined by the
user, but a closer spacing means the test takes longer. The areas in which DPOAE is the
preferable method are based on the fact that DPOAE can be measured at higher
frequencies than TEOAE and can often be measured in moderate hearing loss.
Therefore DPOAE is preferable in monitoring cochlear performance in known hearing
loss and in assessment of high frequency cochlear function.

Otoacoustic emissions can be affected by noise entering the contralateral ear. Collet et
al, (1990) report a reduction of up to 0.5-1 dB in OAE when contralateral noise was
applied, while Brown (1988) found that in guinea pigs contralateral noise interfered
with the recovery of the f>-f; DP during a ‘rest period’ after a period of prolonged

stimulation.

c. Can otoacoustic emissions provide proof of the cochlear amplifier?
Gold (1948) first proposed that active amplification may be taking place in the

cochlea, as this would compensate for the excessive damping inherent in the fluid-filled
cochlea and explain the sensitive thresholds and fine frequency selectivity of hearing.
Gold proposed that the cochlea needed very high Q resonances to explain the frequency
resolution of hearing. However his theoretical high Q values were heavily criticised and
his theory was not accepted (reviewed by Kemp, 1998). It is now known that much
lower Q values are consistent with the frequency resolution of the cochlea because the
travelling wave envelope is asymmetrical and is only very sharp on the apical side of
the peak. In 1958, Elliot reported sharp peaks and dips in the human pure tone
audiogram which were about 50 Hz wide at 1-2 kHz, implying a Q of about 30. This
was nowhere near as high as Gold required, but is nevertheless far higher than that
implied by Bekesy’s data.

The discovery of otoacoustic emissions reopened the possibility that amplification
occurs in the cochlea. At first sight, the ability to get sound out from the cochlea,
particularly when none was put in (Spontaneous otoacoustic emissions), would appear
to prove that the cochlea contains a source of mechanical energy which is enhancing the
travelling wave propagation (Kemp, 1979a). Certainly, the presence of spontaneous
otoacoustic emissions is consistent with an active cochlea, but does not provide proof.
Otoacoustic emissions are known to be related to a vulnerable cochlear mechanism that
is necessary for good hearing function because otoacoustic emissions are not present in
cases of cochlear deafness (Kemp, 1978) and fall rapidly if the cochlear blood flow is
interrupted (Widick et al, 1994; Kim, 1980; Kemp and Brown, 1984).
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However it is possible to explain stimulated otoacoustic emissions by a passive
compressive non-linear mechanism which is important for sensitive hearing and decays
rapidly after death. Spontaneous -otoacoustic emissions could possibly arise from
random ‘Brownian-type’ motion being reinforced at specific frequencies by in phase
addition of multiple reflections, although this would imply a low-loss cochlea. The
occasional very strong spontaneous emissions couldn’t arise in this way but are not
examples of normal cochlear function.

An alternative mechanism to provide the frequency specificity and nonlinear growth of
the travelling wave without an active process invoked a ‘second filter’ mechanism to
deliver energy to the basilar membrane motion around the travelling wave peak. Allen
(1980) and Allen and Fahey (1993) proposed that the tectorial membrane may provide a
tuned resonant mechanism which may result in the sharply tuned and compressive
travelling wave. This arrangement would seem to require the tectorial membrane to be
tuned over 10 octaves along the length of the basilar membrane in humans, for which
there is no evidence. It should be borne in mind, however, that the tectorial membrane is
usually in poor condition in histological.preparétions so there is little evidence regarding
its exact role in cochlear function. |

Part of the motivation behind the development of the second filter model was the
discrepancy between the tuning of auditory nerve fibres and the tuning of basilar
membrane motion. The basilar membrane seemed to be less well tuned, suggesting that
an additional filtering mechanism was required (Evans, 1975). However, improvements
in techniques for observing basilar membrane motion (e.g. Sellick et al, 1982) have now
closed the gap between basilar membrane and neural tuning. The need for a second
filter has therefore been largely removed (Ruggero et al, 2000).

Allen and Fahey (1992) attempted to measure the amplification of the cochlea by
measuring the amplitude of a DPOAE at the ear canal and the neural activity at the DP
place simultaneously whilst changing the freqﬁency ratio of the stimuli and therefore
sweeping the DP source location (which is around the f; frequency place) across the
region of the cochlear amplifier. Their finding was that the amplifier was no more than
10 dB and may be nothing.

However this work does have some limitations. Changing the ratio changes the
frequency of modulation and changes the spectral content of the distortion products
(Kemp, 1987). They could get the f; frequency place no closer than within 2mm of the
fop travelling wave peak so the amplifier could have been closer to the peak than this.

More importantly, they assume that the directivity of the DP source does not depend on



Mechanisms of otoacoustic emissions A: Introduction 33

the frequency ratio between the stimulus tones. It now seems that the phase gradient of
the DP across the region at which it is generated around the f; place swaps from positive
to negative as the ratio fp/fi increases (Kemp and Knight, 1999). This results in
preferential summation of the DP towards the apex when f/f} is small and towards the
base when f,/f; is large. In Allen and Fahey’s study (1992), this effect would counteract
the effect of a cochlear amplifier and result in a significant underestimate of the gain of
the cochlear amplifier. The probable presence of a reflected DP component from the DP
place would further complicate measurements of this type.

Brass and Kemp (1993b) have investigated previously published Mossbauer
measurements of basilar membrane transverse velocity (from Robles et al, 1986) and
concluded, by considering power flow, that the travelling wave gains up to 40 dB from
somewhere as it travels to the peak at the characteristic frequency place. This figure is a
net power gain — so the energy supplied is enough to counteract viscous damping and
then another 40 dB in addition. Their discussion of the (many) assumptions shows that
any errors are unlikely to account for such a lzirge figure and indeed it may even be an
underestimate.

In summary, the case for an active cochlea can currently be described as ‘very likely

but not directly proven’.

d. Neural tuning curves

The firing of a single fibre in the auditory nerve can be monitored by inserting a
microelectrode into the nerve fibre. In this way a neural tuning curve can be recorded by
presenting tone bursts to the ear canal and adjusting the intensity until a predetermined
increase in the nerve firing rate has been achieved. If this is measured at a range of
frequencies, the fibre will be found to have a low threshold at one frequency and the
threshold increases rapidly at frequencies more distant than this optimal or
‘characteristic’ frequency. A v-shaped ‘tuning curve’ is therefore generated (Evans,
1972; Sellick et al, 1982; Ruggero, 1990; Robles et al, 1986). Examples are shown in
figure 12 (from Liberman and Kiang, 1978). These neural tuning curves are closely
related to the more recent measurements of basilar membrane motion using the
Mossbauer technique or laser velocimetry discussed in section A I f (i) (Narayan et al,
1998; Ruggero et al, 2000).
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Suppression tuning curves obtained with OAEs are different to neural tuning curves in
several ways.
1. With OAE the response is monitored back in the ear canal so the response is not
inherently place specific. The response is in fact likely to be from an extended emitting
region. The response may therefore be complicated by interference between
contributions from different parts of the basilar membrane.
2. What is being measured is fundamentally different — a neural tuning curve finds an
approximation of the ‘hearing threshold’ of the nerve fibre. A DPOAE suppression
tuning curve finds the onset of suppression of DPOAE production with the whole
system operating well above hearing threshold.
3. In the case of neural tuning curves, it is the increased firing rate of the nerve in
response to the swept tone that is being measured, whereas with DPOAE suppression
tuning curves the third tone suppresses the DPOAE which is being generated in
response to two different stimulus tones. DPOAE suppression tuning curves are
commonly used to determine the source on the basilar membrane of the DP that is
measured in the ear canal, and the travelling wave envelope of the third tone is an
inconvenient ‘blurring’ factor on the results.

DPOAE suppression tuning curves therefore differ fundamentally from neural tuning
curves. Nevertheless they can be used to provide an indication of the primary location
of the DPOAE source region on the basilar membrane, provided that the limitations are

understood.

f. DPOAE suppression tuning curves and source location(s)

DPOAE suppression tuning curves have been widely used to imply the location of the
cochlear source of DPOAE since the early work of Brown and Kemp (1984).

Nonlinear behaviour of the organ of Corti and the basilar membrane may be expected
to cause distortion products at any point at which both stimulus tones are present (which
in practice means within the f; travelling wave envelope), but in fact the dominant
region for lower sideband DPOAE generation is believed to be in the region of the f;
travelling wave peak (Brown and Kemp, 1984; Kummer et al, 1995). It has been argued
that the source of lower sideband DPOAE is at the place of the ‘geometric mean’ of the
primaries (Martin et al., 1987) and some studies have reported DPOAE results against
the geometric mean frequency (e.g. Lonsbury-Martin et al, 1990). But at wide frequency
ratios this can be outside the f, envelope and therefore not a possible initial source. The

f, frequency place has been generally accepted as representing the source of lower
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sideband DPOAE, although the actual source may be distributed over a region and its
precise centre of gravity with respect to the f; place may vary depending on the stimulus
parameters.

In the case of the lower sideband DP components, once the DP is generated it may
travel along the basilar membrane in either direction - either straight back out or
onwards to the DP frequency place. From the DP place it may be re-emitted back to the
base as a ‘stimulus frequency’ emission. Sometimes tuning curves of 2f}-f;, DPOAE
have a small secondary dip in the DP frequency place, indicating that there could be a
significant secondary source in this region (Kummer et al, 1995; Gaskill and Brown,
1996). | |

The situation is different for the upper sideband DPOAEs (that is, DPOAEs with
frequencies higher than the stimulus frequencies, see figure 11). As frequencies fail to
propagate apically to their characteristic place in the cochlea, upper sideband DPOAEs
are emitted from a more basal region than the f; frequency place, corresponding to a
frequency near to or a little above the DP frequency. This conclusion is supported by
2f,-f; DPOAE suppression tuning curves (Martin et al, 1987; Kemp, 1998; Martin et al,
1998). |

Returning to the lower sideband, Sun et al (1994a,b) have presented a cochlear model
capable of producing 2f-f; DPOAE with fine structure with only a single source region
centred around the frequency place of the higher frequency stimulus. He and Schmiedt
(1993, 1997) argued that the fact that measured DPOAE fine structure moves in
frequency when the stimulus level is changed supports this model. But in fact this
behaviour would equally be predicted by a model with fine structure caused by a
secondary DPOAE source at the DP frequency place. It is not known whether the model
of Sun et al is capable of producing the divergent phase behaviour of DPOAE (Kemp,
1986), which will be discussed later. '

Heitmann et al (1998) have shown that use of a third tone close to the DP frequency
(first employed by Kemp and Brown (1983) to isolate a stimulus frequency reemission
component of DPOAE) can reduce the amount of fine structure seen in lower sideband
DPOAE. The simplest explanation of this is that the fine structure is caused by an
emission from the DP frequency place interfering with an emission from the f;
frequency region. Dreisbach and Siegel (1999) have used this ‘suppression’ technique to
attempt to separate the two emission components and observe them individually. Two

distinct phase patterns, as described by Kemp (1986), can be seen although total
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separation is difficult to guarantee, especiaily when f5/f) is close to 1 (Siegel et al,
2000).
In summary, the sources of generation and reflection are important for DPOAE

observation.

g. DPOAE phase gradients and time delays

All evoked otoacoustic emissions exhibit delay relative to the stimulus and therefore
OAE phase with respect to the stimulus is dependent on frequency. Phase versus
frequency gradients have been shown, for example, with transient evoked otoacoustic
emissions (TEOAE) (e.g. Kemp and Chum, 1980a; Wilson, 1980), distortion product
otoacoustic emissions (DPOAE) (Kemp and Brown, 1983) and stimulus frequency
otoacoustic emissions (SFOAE) (Kemp and Chum, 1980b). The group delay implied by
these phase gradients (often referred to as ‘OAE latency’) is believed to contain
information about the mechanism underlying otoacoustic emissions.

In the case of a single frequency acoustic wave travelling to a wall, reflecting and
returning to where it started, the phase of the returning wave will be related to the phase
of the wave sent. However, it is not possible to determine the time delay of the journey
from this relationship because it is not known how many whole wavelengths the wave
has travelled through. But if the frequency is changed slightly, the amount that the phase

of the returning wave changes implies the path length by the following equation:

Time delay (seconds)= -3(¢/21)

3(f)
where ¢ is the DP phase in radians and f'is the DP frequency in Hz.

Therefore it is the phase gradient versus ffequency rather than the ‘single point’ phase
that is of interest with otoacoustic emissions. With distortion products, as the frequency
of the response differs from the frequency of the stimulus, the phase gradient is obtained
by defining it relative to a notional DP generated without any delay.

Superficially it might seem that the phase gradient will definitively indicate the distance
of the emission source along the cochlea. The implied assumption here would be that a
longer delay implies that the OAE source is further into the cochlea. However, the
‘latency’ derived from OAE phase versus frequency gradients requires careful
interpretation as an indicator of true time delay because of the dispersive nature of the

cochlea (different frequencies travel at different speeds) and because the path length
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varies with frequency. The phase gradient also doesn’t directly indicate the relative
source locations of the DPs along the basilar membrane as the DPs have different
frequencies and would therefore travel at different speeds at the same location in the
cochlea and also because different mechanisms may be involved in generating the
reverse travelling waves.

For example, using an f; sweep paradigm the group delay of the 2f;-fi DP has been
reported by Wable et al (1996) to be shorter than that of the 2f}-f, DP. This finding was
used to support the generally accepted view that the generation region of the 2f,-f; DP is
more basal than the 2fi-f; DP (Martin et al 1998). However this result is in fact
dependent on the test paradigm - the opposite result could have been found using a
sweep with a constant frequency ratio (Knight and Kemp, 1999b).

The onset delays measured by Whitehead et al (1996) are an alternative method of
evaluating DP delay and the result is a more physically meaningful time delay, although
the onset can be gradual resulting in uncertainty regarding the exact onset time. Despite
the difficulties in interpretation, phase gradient-derived delays are useful as comparative
probes of the mechanisms involved in cochlear function.

Usually, test strategies are adopted for obtaining DP phase gradients with either f; (e.g.
Kimberley et al, 1993) or f; (e.g. O Mahoney and Kemp, 1995) being swept in
frequency while the other is held constant. In the case of the ‘f; sweep’, the 2f}-f; DP
generation region (which is related to the f; frequency place, (e.g. Brown and Kemp,
1984)) remains stationary, whereas with an ‘f; sweep’, the 2f,-f, DP generation region
moves. It has been shown that in the case of the 2f;-f; DP, f, sweeps result in a higher
value for group delay than f; sweeps (Kimberley et al, 1993; O Mahoney and Kemp,
1995). The 2f,-f; DP behaves differently. No significant difference between f; and f;
sweep latencies is reported (Moulin and Kemp, 1996).

DPOAE phase gradients are not entirely smooth and monotonic. In addition to an
overall gradual change in phase gradient from low to high frequency, there are also
small scale irregularities. These irregularities are not only due to the effects of noise as
they occur when the DPs are well above the noise floor. The irregularities are
permanent and repeatable and are often associated with the fine structure of DPOAE
amplitude (Moulin and Kemp, 1996). The irrégularities could arise from interference
caused by multiple reflections between the DP frequency place in the cochlea and the
middle ear (Stover et al, 1996a), or by interference between either two DP sources (e.g.
Brown et al., 1996; Talmadge et al, 1999) or between different parts of a distributed
source region (e.g. Zweig and Shera, 1995; Sun et al, 1994a). It may be that more than
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one of these effects can occur, either simultaneously or under different stimulus

conditions.

h. OAE fine structure

All forms of evoked otoacoustic emissions tend to exhibit fine structure, that is, quasi-
periodic fluctuations in level with respect to frequency. Kemp, 1979b and Zwicker and
Schloth (1984) found close relationships between hearing threshold fine structure and
TEOAE fine structure and frequencies of SOAE. This implies that the same mechanism
may be responsible for the fine structure in each case. They propose that the fine
structure is caused by interference between repeated reflections of OAEs within the
cochlea. It remained possible, however, that it could just be luck that their fine structure
coincided so well.

There is an alternative mechanism for the fine structure of TEOAE and SFOAE in
which the fine structure results from interference between different elements within one
OAE generating region.

DPOAE was not included in Zwicker and Schloth’s (1984) study. He and Schmiedt
(1993, 1997) demonstrated that 2f;-f;, DPOAE fine structure shifts in frequency
depending on the stimulus level, so any alignment of DPOAE fine structure with the
fine structure of other OAEs would be controlled by stimulus level.

DPOAE fine structure may be fundamentally different from that of other OAE’s as it
may arise from interference between two sources (Kim, 1980, Kemp, 1986). If this were
the case, it would explain why frequency alignment has not been reported between the
fine structure of DPOAE and the other types of OAE.

i. Otoacoustic emission mechanisms

Gold (1948), in proposing that active amplification may be taking place in the cochlea,
concluded that the cochlea needed very high Q resonances to explain the frequency
resolution of hearing. He proposed that the active processes would require a self-
regulation system in order to maintain an optimum operating point. Nevertheless he
suggested that fading ringing of pure tones may occasionally be emitted from the ear in
cases of disturbance of the self-regulation. Such tones would be due to the mechanical
oscillations of a highly tuned and amplifying system. However he was unable to
measure such acoustic emissions and his theories were not pursued.

When stimulated OAEs were first demonstrated, the immediate question arose as to

how the sound came to turn around and come back out. It was initially felt that some
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form of reflection mechanism was required (Kemp, 1978) and it was assumed that this
mechanism would be associated with and induced by nonlinearity in the region of the
peak of the travelling wave.

DPOAE are of particular interest for investigating the emission mechanism because of
the involvement of different specific and known frequencies in the stimulus and
emission processes which allows a wide variety of test paradigms to investigate phase
behaviour. The possibility that there may be two sources for lower sideband DPOAE
was suggested by Kim (1980). The initial generation site was the region of overlap of
the stimulus tones on the basilar membrane but the DP may then travel on to the DP
frequency place. Kemp and Brown (1983) proposed two mechanisms for DP emission.

Kemp (1986) introduced the terms ‘wave fixed’ and ‘place fixed’ to describe these
mechanisms and demonstrated that 2f;-f, DPOAE phase behaviour changes depending
on the ratio between the stimulus tones, f;:fi. When f/f; exceeds approximately 1.1, a
frequency sweep with a constant frequency ratio yields an almost constant 2f;-f;
DPOAE phase. With a smaller frequency ratio, a steep 2f}-f; DPOAE phase gradient
results, the phase becoming more negative (i.e. greater phase delay) at higher
frequencies. Therefore which mechanism of emission dominated was controlled by the
ratio of the stimuli.

The classification of proposéd DP emission mechanisms used in this study are
summarised here:

Wave fixed The DP is emitted directly from the generating region by a mechanism
which is inherently part of and moves smoothly with the stimulus envelope. Because of
the approximately consistent logarithmic scaling of the cochlea, frequency shifts cause
little change to the travelling wave phase profile, so that when a stimulus pattern is
swept in frequency the phase at any point moving with the travelling wave envelope
changes little. Therefore any OAE contribution from that point would have a very
shallow phase gradient. _

Place fixed The DP initially travels towards the apex, but encounters discrete
irregularities in transmission characteristics with respect to position on the basilar
membrane. These irregularities cause reflections or scattering of the travelling wave,
which can travel towards the base. As a stimulus is swept in frequency and its excitation
pattern moved along the basilar membrane, the stimulus phase at each reflector location
will change, thus changing the DPOAE phase and causing a steep phase gradient to be

obtained.
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For convenience, the terms wave fixed and place fixed will be adopted here for
DPOAE with shallow or steep phase-versus-frequency gradients respectively in a
constant f>/f; sweep. Nevertheless, the mechani'sms are strictly unproven.

The important regions of ‘reflection’ in lower sideband DPOAE may be expected to lie
in the DP frequency place region, as suggested By suppression studies using a third
stimulus tone (e.g. Kummer et al, 1995; Gaskill and Brown, 1996; Heitmann et al,
1998) observation of DPOAE fine structure (Mauermann et al, 1999a, 1999b) and
comparison of experimental data with mathematical models (Talmadge et al, 1999). If
outer hair cell activity adequately compensates for the transmission losses in
propagating back to the base and in reflection back a second time to the DP place, then
the distortion product also could reflect repeatedly between the DP characteristic place
and the base of the cochlea resulting in a feedback system causing interference effects,
fine structure and occasionally resulting in: spontaneous otoacoustic emissions (Kemp,
1980; Zweig and Shera, 1995; Talmadge et al, 2000).

The possible identity of these ‘reflectors’ has been the subject of some discussion, the
difficulty being ‘why don’t these reflections tend to cancel each other out?’. Strube
(1989) proposed that regularly spaéed reflectors result in a place fixed emission by a
process akin to ‘Bragg scattering’. However, without descending to a single cellular
scale, no suitable regular spacing has been found.

Zweig and Shera (1995) proposed that a mechanism, still based on Bragg scattering,
could give rise to place fixed emissions even from randomly spaced reflectors. Their
argument is that although the reflectors mdy be randomly spaced, only those with a
specific spacial frequency (set by the travelling wave in the peak region) will have a
phase change on reflection exactly counteracting the phase change of propagation to the
reflection site and back and will dominate the net backward-travelling wave. The
reflectors are described as needing to be ‘densely spaced’, although just how dense is
not described. It is therefore not clear whether there is a good candidate for the source
of randomly spaced reflectors. For example, the irregularities in the primate outer hair
cell arrangements (Wright et al, 1987) are floated as a possible source of impedance
irregularities, but Zweig and Shera’s mechanism appears to require a close spacing of
irregularities, and these outer hair cell irregularities may not be closely spaced enough.

It is possible that the detailed model described by Zweig and Shera is not necessary in
order to get an emission from randomly spaced reflectors. If the reflectors were less
densely spaced such that only 3 or 4 at a time were producing a significant reflection,

the reflections would be unlikely to completely cancel out, so a resultant emission
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described as ‘place fixed” by Kemp (1986), because the phase characteristics required
reflectors to be fixed in position on the basilar membrane.

Shera and Guinan (1999) described this mode of DPOAE as ‘reflection DPs’ to
emphasise that the proposed ‘turnaround’ mechanism is a reflection. Path 2 would result
in ‘high latency’ DPOAEs. TEOAEs have similar phase characteristics and have been
said to require an impedance discontinuity (Kemp, 1978) or impedance irregularities
along the basilar membrane to cause the reflection (Kemp, 1986; Lonsbury-Martin et al,
1988; Zweig and Shera, 1995).

The wave and place fixed mechanisms have recently been discussed by Shera and
Guinan (1998, 1999), who emphasised fundamental differences between them. They
showed that the ‘wave fixed’ mechanism was consistent with the shallow DPOAE phase
gradient obtained with the most commonly used stimulus parameters in a constant
frequency ratio sweep, but was incapable of generating the steep phase gradients
obtained with stimulus frequency (SF)OAE and transiently evoked (TE)OAE. Therefore
they argued OAE:s fell into two entirely separate categories - a distortion emission class
and a reflection emission class.

However these categories only refer to the ‘turnaround mechanism’ and not the
generation mechanism as the steep and shallow phase gradient characteristics can both
be observed in 2f)-f, DPOAEs obtained with constant stimulus frequency ratio sweeps.
Kemp (1986) has shown that the 2f}-f; DPOAE has a shallow phase gradient consistent
with the wave fixed model when stimulated using typical clinical stimulus parameters
(f2/f) is usually between 1.2 and 1.25 for clinical use), but has a steep phase gradient
when stimulated using a small stimulus frequency ratio, e.g. fo/fi=1.05. Therefore, the
2f)-f, DP appears to change emission mode depending on whether a wide or small
stimulus frequency ratio is used.

Kemp and Knight (1999) proposed that this changeover may be controlled by the
phase gradient of the DP across the region in which it is generated, which causes the DP
to sum constructively in one direction but to largely cancel out in the other direction.
The phase gradient across the DP generating region is controlled by the stimulus
frequency ratio, f,/f;.

As discussed in section A II (f), the situation is different for upper sideband DPOAE
such as the 2f,-f; DP. The DPOAE must originate in the region of the f; envelope but
also not more apically than the DP characteristic frequency place on the basilar
membrane, since frequencies fail to propagate from positions apical to their

characteristic place. The DP could be produced at the sites of the reflectors and
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immediately travel basally, or it may be generated at a site removed from the reflectors
and initially travel a short distance apically until a reflector is encountered.

Martin et al. (1999a, b), Martin et al. (2000) and Fahey et al. (2000) have shown that
there may also be alternative basal sites for DP generation. These require more complex
generation mechanisms, for example involving intermodulation distortion of harmonic

distortion.

i. Methods to separate wave and place fixed DPOAE

In order to obtain the characteristics of the sources of DPOAE that are present in a
recording, it is advantageous to first separate the wave and place fixed components of
the response. This would remove a source of fine structure, allow greater certainty about
the source of the DPOAE along the basilar membrane and may allow data trends to be
seen which are otherwise confused by the mixing of the two DPOAE components.

One method which has been utilised is to suppress the activity in the region of the DP
frequency place by adding a third stimulus tone close to the DP frequency. The
emission is then only from the f; region. Vector subtraction between measurements
obtained with and without the suppressing tone can provide an estimate of the DPOAE
contribution from the DP frequency place. However it can be difficult to fully suppress
the DP place without also affecting the f; region (Siegel et al, 2000). The method also
requires two measurements, and the probe fitting conditions must not change between
the two as changes in probe fittings would lead to incorrect inferences about
contributions from the region of the DP frequency place.

An alternative method which could be employed for this purpose is inverse Fourier
transformations of DPOAE frequency sweeps, which have been used to view complex
DPOAE data obtained with f; stimuluslfrequen‘cy sweeps in the time domain. This has
revealed coexisting DP components with different latencies whose relative strength
varies depending on stimulus level (Fahey and Allen, 1997; Stover et al, 1996a). Stover
et al also found that with low stimulus amplitudes a series of DPOAE amplitude peaks
are sometimes seen in the time domain, which could be an indication of multiple
reflections between the DP place and the stapes. If this method were applied to
frequency sweeps with a constant frequency ratio, separate peaks could be expected for
the wave and place fixed emissions because of their different phase gradients in such

stimulus paradigms.
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k. Relationships between TEOAE and DPOAE
Both the transient evoked OAE method (TEOAE) and the distortion product OAE

method (DPOAE) must have similar mechanisms, but it is not clear how similar they

are. The techniques are superficially very different so that it is reasonable to expect that
the OAEs recovered by the techniques will also differ in their relation to hearing
function.

With TEOAE recording, a wide-band click stimulus is repeatedly presented to the
closed ear canal. The cochlea is therefore observed repeatedly ‘returning’ to its rest state
following brief stimulation.

With the DPOAE method, stimulation can be continuous, consisting of two
simultaneously applied tones with frequencies f; and f;, with f5/f} usually set to between
1.3:1 and 1.2:1 for maximum output.

Irrespective of differences in the signal recovery method, DPOAE production contrasts
markedly with TEOAE production because a) with DPOAE, the portion of the cochlea
stimulated is restricted to the excitation pattern of the two close tones f; and f; whereas
a click applies all frequencies to the cochlea simultaneously, b) because TEOAEs and
DPOAEs are different subsets of the total OAE response present, c) because the
DPOAE response is produced in the ‘steady stimulation’ state whereas TEOAE is
recorded after stimulation has ceased and d) TEOAE is obtained across frequencies
simultaneously, whereas DPOAE is obtained sequentially. Point (c) is moderated by the
fact that the combined DPOAE stimulus of f; and f; is amplitude modulated with a
period of f;-f;.

TEOAE and DPOAE are the two most common methods used to study OAEs in
research and in clinical practice. OAEs are accepted as an audiological tool, however it
is not self evident which of these two convenient means of evoking and extracting an
OAE yields a signal most closely linked to the functional status of the sensory
mechanism.

It is not certain that the intensity of OAEs is the measure most likely to closely reflect
the condition of the cochlea. Furthermore, DPOAE intensity depends not only on the
stimulus intensity but it also varies very substantially with the particular stimulus
frequency and amplitude ratios used. It is sometimes assumed that the frequency
specific nature of DPOAE stimulation will logically lead to DPOAEs being more
closely associated with function, but a close relationship to auditory threshold has yet to
be found (e.g. Gorga et al, 1993; Moulin et al, 1994; Gorga et al, 1997; Dom et al,
1998).
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There are fundamental reasons for expecting a divergence between TEOAE or
DPOAE intensity levels (even when averaged across frequency) and auditory threshold.
Firstly, the otoacoustic re-emission mechanism itself is a by-product of cochlear
function and is not directly part of the hearing process, and secondly the vital process of
transduction at the inner hair cell which leads to audition does not participate in OAE
production. The relationship between OAEs and hearing threshold is beyond the scope
of the present study.

These considerations raise a question: which set of OAE stimulation and measurement
parameters is least influenced by those intra and intersubject differences which do not
alter hearing sensitivity? Such parameters would be most appropriate for the purpose of

obtaining an index of cochlear status.

(i) Relationship between TEOAE and DPOAE level

As TEOAE and DPOAE both arise from cochlear sensory activity, a relationship
between the levels of each may be expected. Moulin et al (1993) found that DPOAE and
TEOAE had greater levels in ears with SOAEs than in ears without SOAEs and also
found a correlation between TEOAE and DPOAE level, although the relationship was
not close. Other studies into the relationship between TEOAE and 2f)-f; DPOAE
amplitude have also only indicated weak correlations (Probst and Harris, 1993;
Smurzinsky and Kim, 1992; Smurzinsky et al, 1993). However, these studies for the
most part only covered the small range of DP stimulus parameters which are in clinical
use. For example, fy/f) ratios only ranged from 1.17-1.23. They also used little or no
averaging across the OAE fine structure, which is prominent in both DPOAE and
TEOAE. Moulin et al (1993) found a similar weak relationship between 2f,-fi DPOAE
and TEOAE amplitude.

As noted above, most comparative work on OAEs has used limited ranges of
parameters. This is because of the interest in clinical and screening applications that
require the use of parameters which generate a large amplitude response and for which
normative data is available. For DPOAE, the stimulus amplitude and frequency ratios
giving maximum DP output levels have been preferred in order to optimise testing time
and test specificity (e.g. Harris et al, 1989; Gaskill and Brown, 1990; Hauser and Probst,
1991) and to maximise differences between hearing and hearing impaired ears (e.g.
Stover et al, 1996b; Moulin et al, 1994). Reductions in the absolute stimulus levels
which give increased sensitivity to cochlear disorder are traded against increased testing

time within the environment of a clinic. As a result, levels exceeding 60 dB SPL are
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commonly used to achieve adequate specificity and speed. With TEOAE, sensitivity is
generally maintained even with the highest click levels compatible with minimal
transducer artefact levels (around 90 dB SPL peak) and these higher levels optimise the
specificity (Prieve et al. 1993).

The stimulus parameters typically used for DPOAE and TEOAE in audiological
investigation may not necessarily be optimal for describing the functional differences
between two cochleae. The influence of spurious factors may or may not be minimised
by the adoption of stimulus conditions yieldiné maximum DPOAE intensity. They may
also not be optimal for deciding how closely the two OAE response modes (TEOAE
and DPOAE) are physiologically related.

TEOAE and DPOAE arise from such different spatial and temporal excitation patterns
of stimulation within the cochlea that relative differences between the levels of each is
to be expected between individuals. Interference between elemental contributions
distributed along the cochlea must effect the ear canal signal greatly and this may vary
between individuals. One would therefore expect at least to have to average OAE
activity over a range of stimulus parameters in order to arrive at a reliable indicator of
cochlear status but this is not common practice. Also the very different stimuli used for
TEOAE and DPOAE measurements must to some extent exercise different aspects of
the sensory mechanism’s input-output characteﬁstic and this may also differ from ear to
ear.

Clearly there are many unexplained sources of variance in OAEs, for example those
between OAE detection modes, between parameter configurations, and between
individuals which may not all be related to hearing function. If, by the selection of
appropriate stimulation parameters, very closely correlated OAE characteristics were
obtainable by two different and independent OAE measurement techniques across a
subject population, it is likely that those particular OAE detection modes are influenced
in a similar way by the intervening variables. More specifically, if for any stimulus
configuration the DPOAE and TEOAE characteristics are found to agree across a
population then it becomes more likely that, for that stimulus configuration, TEOAE

and DPOAE generation relates to similar aspects of cochlear function.

(ii)Relationship between TEOAE and DPOAE phase

When a TEOAE response is observed in the frequency domain, its associated phase
versus frequency gradient is steep (Wilson, 1980; Kemp and Chum, 1980a). The
implied time delays from the TEOAE phase gradients are consistent with the 5-15 ms
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delay seen in the time domain (Kemp, 1978). Measurements of SFOAE also generate a
steep phase versus frequency gradient (Kemp and Chum, 1980b). However, the 2f)-f;
DPOAE differs from this, because in a sweep with f/f; held constant it has a steep
phase gradient if fy/f; is below about 1.1, but a shallow phase gradient when fy/f; is
greater than 1.1. This shallow phase gradient implies that a different emission
mechanism dominates under these stimulus conditions, so a close relationship between
this emission and TEOAE or SFOAE should not necessarily be expected. The

significance of OAE phase gradients will be discussed further in a later section.

The reason for the currently reported low correlation between TEOAE and DPOAE is
yet to be determined. There are many technical reasons why the emissions may not be
closely related, and the very different phase patterns imply that the underlying
mechanisms may be different. Nevertheless the limited stimulus parameter ranges
which have been investigated leave open the possibility that the stimulus parameters
have not been adequately matched. Further work is therefore required in this area to

determine whether there is a close relationship between TEOAE and DPOAE.
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III Foundation to the present study

There are several interrelated issues which are currently unresolved, but if clarified
they could provide information regarding emission mechanisms, emission sites and the
stimulus parameter ranges for which they are effective.

It remains unknown how many distinct emission mechanisms there are involved in the
production of OAE. Two distinct phase gradients have been identified in the 2f}-f;
DPOAE, however it is not known whether either of these utilises the same underlying
emission mechanism as TEOAE. Published data show only a poor relationship between
TEOAE and DPOAE level. It may be that the lack of a close relationship is simply
because the limited range of stimulus parameters which have been used are not the ones
which will produce the closest relationship or perhaps the DPOAE data are being
confused by fine structure arising from interference between two DP emitting regions of
the cochlea. Alternatively, the two measurement methods may be eliciting
fundamentally different mechanisms which are not closely related.

DPOAE have been studied predominantly within a restricted range of stimulus
parameters and investigating DPOAE over a wider range of parameters may resolve the
outstanding issues. For example a major change in DPOAE phase versus frequency
gradient has been shown to occur, dependent on whether f;/f) is greater or less than
around 1.1. This may harbour clues as to the emission mechanisms involved in DPOAE
and therefore requires further investigation. It is also not known what the connection is
between the lower and upper sideband DPOAE, whether they are emitted by similar
mechanisms and whether the phase delays involved are related.

DPOAE phase versus frequency gradients can be derived from different sweep
paradigms, for example f; sweep, f; sweep, constant fpp sweep. These sweeps give
different results but the meaning of each or the differences between them are not clearly
understood. A new unifying approach is needed, which can show how the different
sweeps fit together.

Finally, as the lower sideband DPOAE has two discrete emission mechanisms, it
would be beneficial to develop a method for separating the emissions and studying them
separately. This would enable emission patterns to be studied without interference
effects from different sources. Emissions could even be traced with stimulus parameters
for which they have not previously been seen because they are obscured by a different
larger emission. Patterns contained in such data could yield further clues regarding the

cochlear mechanisms involved in DPOAE.
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IV Aim

The aim of this study is to investigate the cochlear mechanisms involved in OAE
production by obtaining OAE measurements in a format that will yield information
regarding the generation of OAE and their emission routes.

It has been shown that DPOAE have two modes by which they are emitted. It has not
been clarified whether either of these mechanisms corresponds to that involved in the
production of TEOAE or alternatively whether there are at least 3 distinct emission
classifications. The relationship between TEOAE and DPOAE will be studied over a
wider range of DPOAE parameter configurations than is presently represented in the
literature. This will determine whether there is evidence for similarities in the
mechanisms involved in TEOAE and either of the DPOAE modes, despite the
differences in method. To this end measurements of OAE phase gradients with
frequency, and measurements of the less studied 2f;-fjy DPOAE will also be
investigated.

Kemp (1986) demonstrated that characteristics of the 2fi-f; DPOAE change at a
stimulus frequency ratio of around 1.1. This work will be extended to find out whether
there are other changes and to find the parameter areas of the different behaviour types.
In order to delineate the potentially different emission modes, detailed DPOAE
measurements will be obtained to trace a more complete picture of DPOAE
characteristics over a wide range of stimulus parameters. This will allow a better
understanding of the level and phase trends, determine the mechanisms involved and
indicate areas of similarity and difference between the upper and lower sidebands.

Methods will be explored for separating the wave and place fixed parts of DPOAE so
that they can be studied individually. This will eliminate the complications of
interference, determine whether or not the emission modes are simultaneously active
and enable the smaller of the two emissions to be studied under stimulus conditions in
which the larger one dominates.

Based on these observations, a hypothesis of the mechanisms involved in DPOAE
production will be developed and a simple mathematical model will be used to test

whether the proposed mechanisms are able to produce the observed pattern of results.
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from 260 nonlinear subaverages using a 2.5 - 20.5 ms time window with a 2.5 ms
risetime. The subaverages are alternately added to one of two averaging ‘bins’.
Comparison of these two averaged waveforms provides an estimate of the signal
(features common to both waveforms) and random noise (differences between the
waveforms). A 512 point FFT is used at a sample interval of 40 ps (Bray, 1989; Bray
and Kemp, 1987), which yields a time window of 20.5 ms and spectral harmonic values
at 48.8 Hz intervals in the frequency domain. A click level of 0.3 pascals is employed.

DPOAE measurements use two simultaneous tones and apply a 2048 point FFT to 80
ms samples of ear canal measurements, yielding a frequency spectrum with a resolution
of 12.5 Hz (Otodynamics Ltd., 1994).

d. Avoidance of artefacts in TEOAE

There are two main methods by which artefacts arising from passive responses to the

stimulus are excluded from TEOAE measurements; time windowing and the non-linear
click stimulus.

The TEOAE time window excludes the first 2.5ms after the stimulus in order to allow
passive reflections from the ear canal and middle ear to die down. It is particularly
important to exclude the period for which the detection system is saturated by the
stimulus as this saturation would result in nonlinear growth which would get past the
nonlinear stimulus paradigm described below. The security obtained by the time
windowing is potentially at the expense of losing some high frequency TEOAE, which
are emitted with low latency and so may be excluded by this time window

As additional assurance against passive reflections masquerading as TEOAE, a non-
linear stimulus paradigm is used (Bray and Kemp, 1987; Kemp et al., 1986). 3 positive-
going clicks are applied, followed by a click of the opposite polarity and 3 times the
amplitude (figure 15). The responses to these clicks are then summed. Any response
which grows proportionately with the stimulus (e.g. a long-ringing ear canal resonance)
will cancel out exactly, leaving only the non-linear part of the response. This security is
at the expense of a reduced S/N ratio, as any legitimate linear TEOAE and 50% of the
saturated nonlinear TEOAE is also excluded. However, removal of the linear part of
TEOAE makes it more likely to match DPOAE, which is also a nonlinear response.
This therefore makes this TEOAE method particularly appropriate for the present study.

In order to reduce contamination by noise, a noise rejection threshold is set (in both

TEOAE and DPOAE) which will automatically exclude data samples with a noise level
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This possibility has been suggested in non-primate mammals but not in humans (Brown,
1987; Norton and Rubel, 1990; Whitehead et al, 1990). Nevertheless care is necessary
when interpreting DPOAE measurements recorded with stimulus levels above 75 dB
SPL as in any case the probe itself can bégin’* to make significant distortion products
when the stimulus level gets close to 80 dB SPL.

Two additional tests can be performed as a safeguérd to check whether measured DPs
are genuine cochlear DPOAEs. The growth rate can be investigated — a growth rate
steeper than 1-2 dB/dB may be an indicator of a pathology or an artefact. However, true
cochlear DPOAE can also occasionally incorporate a steep growth rate as well, arising
from interference effects. Also, the phase gradient of the OAE can be assessed in an f}
or f; sweep. Equipment artefacts would have virtually no time delay relative to the
stimulus, so would have an almost flat phase gradient. Genuine cochlear responses
typically have an inherent time delay of a few milliseconds, although occasionally a
very low time delay or an undulating phase gradient arises over a frequency range of
100 Hz or so as a result of interference effects. "

In order to reduce contamination by noise, a noise rejection threshold is set which
operates in the same way as for TEOAE.

An estimate of the random noise level for DPOAE is obtained from the 10 closest
harmonic frequencies either side of the DP frequency in the FFT. The mean noise level
at these frequencies and the associated standard deviation provides an indication of
whether the DP measurement is significantly greater than the background noise of the
measurement. The software employed indicated the levels of 1 and 2 standard
deviations above the noise. Criteria for accepting DP data in this study were based on

the DPOAE level exceeding 1 standard deviation above the noise.

f. Calibration

i) Routine self test program

The manufacturers test program was run to ensure the internal electronic calibration
was correct. The routine checked the connections, frequency response, attenuators and
amplifiers of the internal system (excluding the probe) and also checked for system
distortion and noise. The ongoing performance of the system, including the probe, was

checked as follows:
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ii) Otodynamics factory calibration

The probe loudspeakers are calibrated by driving them with a known voltage source
and measuring the frequency response in a lcc cavity (internal diameter 8 mm) with a
calibrated Knowles microphone.

The microphone sensitivity was measured in free field conditions by comparing its
response to an adjacent calibrated Bruel and Kjaer 2 inch microphone (type 4192). The
calibration procedure covered frequencies up to 6 kHz.

The calibration of the probes used for this project was tested at the factory before and
after the set of measurements was completed. Changes in microphone and loudspeaker
sensitivities were less than 2 dB, and generally less than 1 dB. Differences between the
probes used were less than 5 dB at all frequencies taken and generally less than 3 dB in
the frequency range employed in the present study. Different probes were employed
because of the requirement for 3 tones with some tests and the use of the CD (child)
probe was necessary with one subject because the subject had very narrow ear canals.

Different probes were not employed within a data set.

iii) Routine Probe testing
TEOAE

The probe was tested using a version of the TEOAE measurement program. This is
essentially a self-test. The probe was fitted to a 1 cc acoustic calibration cavity and a
test was conducted in which an artificial ‘OAE’ is sent through the probe, detected by
the probe microphone, and recorded as three oscillatory tone bursts at 700 Hz, 2 kHz
and 4 kHz. This test was compared to a previous probe test performed at the factory to
confirm that the probe had not deteriorated.

As a further control, the probe was also checked on a day-by-day basis by measuring
the OAE from my ear, as the initial OAE response was held as a reference. The total
response level was found to not deviate by more than +/- 1 dB over the period in which
recordings were made.

DPOAE

The probe is placed in a lcc cavity and a frequency spectrum is measured for each
loudspeaker by measuring the frequency response to clicks presented to each
loudspeaker. This is similar to part of the in-ear calibration procedure described later.

This is essentially a ‘loop test’ and individual diagnostic testing of the probe

components can be performed as described previously.
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iv) Checking the probe fit in the ear.
TEOAE

In order to evaluate the probe fitting in the ear and to be able to set the stimulus level

prior to recording, test clicks were presented and the time domain response was
checked. A poor probe fitting is likely to affect the ear canal response (Kemp et al,
1990), for example by introducing ringing (which would indicate a possible leaky probe
fit), a low frequency wave (partial probe blockage, e.g. against the ear canal wall), and a
raised noise level. The stimulus level was adjusted if necessary to produce a peak close
to 0.3 Pa at the probe in the ear canal (approximately 83 dB SPL peak equivalent).

In the frequency domain, the stimulus spectrum should be predominantly flat,
preferably without any distinct peaks or dips which could be indicators of standing
wave effects. Imperfections in the stimulus frequency spectrum were not corrected with
TEOAE measurements, but the frequency spectrum of the stimulus clicks was stored as

part of the data file.

DPOAE

Before each DP frequency sweep (in this case meaning a sequence of DPOAE
measurements at a consistently incrementing frequency), a calibration procedure of the
ear canal fit was undertaken. The responses to broadband clicks were recorded
separately from each of the probe loudspeakers by the probe microphone. These
responses were Fourier transformed and the two spectra were inspected to ensure that
they were approximately equal and essentially flat in the frequency range 1-4 kHz (this
is affected by a poor probe fitting, Kemp et al, 1990). Small differences between the
loudspeaker spectra (approx 2-3 dB) were automatically compensated for, but larger
differences imply that the probe is poorly fitted, so that accurate correction would be
more difficult and that refitting was necessary.

After the fitting has been optimised and accepted, the broadband clicks are presented a
further 16 times to obtain a reference spectrum of the accepted fit. This reference is used
to balance and normalise the two stimuli at each of the test frequencies of the DP sweep
except when an ear canal standing wave effect is suspected, as described below.

During the processing, the DPOAE phase is corrected for the measured phase changes

induced in the stimuli by the probe loudspeakers and microphone (the system detects
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the stimulus phase via the microphone and corrects automatically) but no phase
correction is applied for acoustic delays along the ear canal.

These procedures and corrections are provided by the Otodynamics ILO 88DPi and
ILO96 systems employed in this study.

g. Effect of ear canal standing waves on the in-ear calibration method

The limitation of this method of in-ear calibration is that the ear canal SPL measured at
the probe is assumed to be the same as the SPL at the ear drum. Under most
circumstances this is approximately true, however at frequencies above approximately 3
kHz the wavelength is such that the ear canal (as enclosed by the probe) can support a
standing wave (Dirks and Kincaid, 1987; Siegel, 1994). In this case, the probe and the
eardrum may not be at comparable positions in the standing wave pattern, resulting in
very different sound pressure being occurring at the two locations. Under these
conditions, using the probe SPL measurement to represent the eardrum SPL would lead
to considerable error.

Therefore, when undertaking DPOAE measurements the ILO software normally
corrects for the frequency response of the ear canal which it detects at the ‘check fit’
stage, but does not apply the correction around frequencies where the frequency
response has a significant peak or dip. This is because although the frequency response
at the eardrum may not be very flat at these frequencies, the frequency response
correction which may appear to be appropriate may actually make the frequency
response at the eardrum worse under these conditions.

The TEOAE method differs slightly because tﬁe ear canal frequency response is not
normally corrected for, but ear canal standing wave effects can still be detected from
peaks and dips in the frequency spectrum of the click stimulus measured in the ear
canal.

A way to improve the in-ear calibration would be to attach the microphone to a fine
probe tube and inset it deep into the ear canal close to the eardrum (Siegel and Hirohata,
1994). The sound pressure detected would then be more representative of the SPL that
is being applied to the eardrum. However, this method is usually not considered to be
necessary provided that the limitations of the standard measurement method are

understood.
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h. Significance of calibration in this study.

In this study, measurements of TEOAE will be compared to DPOAE obtained with the
same probe. Patterns of behaviour will also be explored in extended sets if DPOAE data
covering a large frequency range.

Absolute calibration and flat frequency responses are not vital in order for these
relationships to be explored. Nevertheless, it is important that the correct level
relationship between L; and L, is achieved as DPOAE response level is known to be
sensitive to this. As the stimuli are typically less than 2 octave apart, undulations in the

frequency responses do not affect L;-L; much, provided that they are gradual.
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C. An investigation into the relationship between TEOAE and DPOAE

This chapter is based on a re-examination of the findings and data of Knight (1997),
which was work undertaken towards my masters degree prior to the commencement of
my PhD studentship. Additional experimental work has been conducted specifically for
the purposes of this thesis.

I Introduction

The relationship between TEOAE and DPOAE amplitude in individual human ears
that has previously been reported has been weak (Probst and Harris, 1993; Smurzinsky
and Kim, 1992; Smurzinsky et al, 1993). This is intriguing as both are believed to be a
result of outer hair cell activity. However these studies have only explored a limited
range of stimulus parameters. Whilst the TEOAE response is relatively insensitive to
the stimulus parameters such as the stimulus click rate and level, the DPOAE response
is very different depending on the absolute and relative levels of the two stimulus tones
and the frequency ratio between them (e.g. Harris et al, 1989; He and Schmiedt, 1997).
Also both DPOAE and TEOAE are subject to frequency dependent amplitude fine
structure and this could weaken the apparent relationship between DPOAE and TEOAE
amplitude if the fine structures are not fully resolved and single point values are taken
without averaging across the fine structure. It is therefore concluded that the
relationship between TEOAE and DPOAE has not been fully investigated.

In this study, TEOAE measurements will be compared to DPOAE measurements
obtained using a wider range of stimulus parameters. The TEOAE and DPOAE
responses will be averaged across a frequency region in order to reduce the confounding
effect of fine structure.

The phase versus frequency gradients of the OAEs will also be analysed, similarities in
the phase gradients of DPOAE and TEOAE would imply a similar emission mechanism
may be involved whereas very different phase gradients would suggest that different

emission mechanisms are involved.
II Method

The measurement procedure was designed to enable a detailed investigation of the
relationships between DPOAE and TEOAE without demanding an excessive amount of
time from each subject. As the phase and general waveform of TEOAE are not critically
dependent on stimulus level, a single stimulus level was used for TEQAE
measurements. DPOAE fine structure can be of the order of a peak to peak spacing of
about 1/10™ of an octave (He and Schmiedt, 1993), so a frequency spacing of DPOAE
measurements narrower than this was necessary to allow averaging across the OAE fine

structure and derivation of phase gradients. Therefore to remain within the time
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constraints the f; frequency of the DPOAE measurements was limited to approximately
a %2 octave range centred on 2 kHz, within which a range of stimulus frequency ratios

and stimulus levels were explored.

a. Subjects
9 left ears from subjects ranging in age from 22-41 years (mean 31.4 years) were given

the OAE test battery (8 female and 1 male). All ears, when tested via standard
audiometry, demonstrated normal hearing threshold sensitivity (<20dB HL) from 125
Hz to 8 kHz with the exception of one ear, which gave a threshold of 25 dB HL at 4

kHz. All ears complied with normal tympanometry patterns.

b. Choice of OAE stimulus parameters
i) TEOAE
A stimulus peak level of 0.3 Pa was adopted as this gives a good level of OAE

response whilst retaining test sensitivity and without triggering equipment artefacts. As
TEOAE responses are not highly sensitive to the stimulus level (Kemp, 1978) or
repetition frequency (a preceding masking click has little effect if the interval is greater
than 5 ms, Tavartkiladze et al, 1996), other stimulus levels and repetition rates were not
investigated. Before the TEOAE measurement, the probe fit and the stimulus level were
checked as described previously.

ii) DPOAE

In view of the desire to obtain DPOAE frequency sweeps employing a small frequency
step spacing but without taking too long, short DPOAE sweeps with f5/f; fixed were
constructed. The sweeps covered 16 f, frequencies in the frequency range 1660 - 2393
Hz, which was an adequate range to cover at least an auditory filter bandwidth (Holube
et al, 1998; Kollmeier and Holube, 1992; Patterson, 1976). The frequencies of f, were
chosen to coincide with each harmonic frequehcy in the Fourier transformation of the
TEOAE response in this frequency range. (The TEOAE time window of 20.5 ms gives a
frequency resolution of just under S0 Hz).

The parameters chosen for the DP sweeps (described below) were selected to cover as
wide a range of conditions as possible within the time available. The DPOAE stimulus
parameters are defined by L, (sound pressure level of lower stimulus tone of frequency
fi) and L, (sound pressure level of higher stimulus tone of frequency f;).

L;: Levels of 65, 70 and 75 dB SPL were used, which are similar to those used by
Harris et al (1989). Gaskill and Brown (1990) used stimulus levels from 40 to 65 dB
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SPL, but these lower levels were not included in this study as the lower amplitude
responses which would have necessitated a longer averaging period for each
measurement, reducing the range of conditions which could be studied within the time
period. '

L;-L; (Level Difference): DPOAE measurements were made with L, reduced below L,
by O, 5 and 10 dB, so including the condition L;=L, and also the conditions with L,
reduced below L; which can result in larger amplitude 2fi-f; emissions because
reducing L, below L; can match the basilar membrane displacement in the f, region
caused by each stimulus tone, thus maximising DP generation. A test condition with
L;>L; has been preferred for clinical applications, e.g. by Whitehead et al., 1995, Stover
et al., 1996b and Gorga et al., 1997.

f2/f1 (Frequency Ratio): Ratios of 1.05, 1.2, 1.27 and 1.32 were used, the latter 3 being
clustered around the ratios 1.2-1.3 known to give maximum amplitude DPOAEs (Harris
et al 1989; Gaskill and Brown, 1990), and the first ratio investigating a much smaller
frequency ratio which has been shown to have different 2fi-f; DP phase properties
(Kemp, 1986) and which may produce a larger amplitude 2f,-f; distortion product
response (Erminy et al, 1996).

Measurements were made using the Otodynamics Ltd. ILO88 DPi, with software
version 5.6Z. The macro programming facilities were utilised to run the test sequence
semi-automatically.

Before each DP sweep, the probe fit in the ear canal was evaluated using the procedure
described previously. Normally, if large changes in the spectrum with frequency are
seen in the checkfit procedure, a standing wave effect within the ear canal is suspected
and compensation for the frequency spectrum is not performed in the affected frequency
range. However in this study, this condition was not accepted within the frequency
range of interest at the calibration stage and so the level compensation always took
place for the data presented here.

For each stimulus condition (stimulus level and frequency ratio), one complete sweep
of the frequency range was completed and then individual points within the range were
repeated at frequencies at which the signal to noise ratio was judged to too low. Each
DP measurement was terminated manually, usually after all 2f}-f, responses exceeded
twice the standard deviation of the noise.

The DPOAE test sequence typically lasted approximately 45 minutes, depending on
the signal to noise ratio of the responses. The equipment was situated in a quiet office in

which the ambient noise was typically 40 dBA SPL.
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d. Analysis and calculations

Measurements obtained included the levels and phase-versus-frequency gradients of the
2f)-f; and 2f;-fi DPOAEs. These were compared with the corresponding level and
phase-versus-frequency gradient of TEOAE.

i) Comparison of TEOAE and DPOAE amplitudes

In order to allow a straightforward comparison between TEOAE and DPOAE levels, a

single figure was required which would represent the OAE power generated across the
frequency range for each OAE stimulus configuration. In order to obtain this for
TEOAE, the sum of the response over the frequency range was calculated. A different
calculation method was adopted for DPOAE because the TEOAE measurement presents
all frequencies to the cochlea simultaneously, whereas the DPOAE measurement tests
each frequency sequentially. This means that for TEOAE the capacity for OAE
generation is divided across frequency, whereas for DPOAE the full capacity of OAE
generation is available for every frequency in the DP sweep. It is therefore appropriate
to average DPOAE across frequency.

For this study, the sum of the 16 TEOAE spectral component levels from 1660 Hz to

2393 Hz was calculated and compared to the average level of each 16 point DP sweep:

16
DPOAE,,. = 10.log((210°"°*%"1%/16)

i=1

16
TEOAEqm = 10.log(210TECAE10)

i=1

The different calculations make the reasonable assumption that the frequency range
under investigation covers approximately one auditory filter. It increases the numerical
value for TEOAE levels relative to DPOAE by 10.Log(16), i.e. 12 dB. The difference in
calculation method has no effect on the subsequent data analysis of relationships
between TEOAE and DPOAE.

ii) Interrelations between TEOAE and DPOAE level
In order to allow an assessment of the relationship between the TEOAE and DPOAE

levels, a scattergraph was generated for each configuration of DPOAE stimulus
parameters in which the frequency averaged DPOAE level was plotted against the band

limited frequency averaged TEOAE level of each subject.
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The 2f;-f;, DPOAE level was plotted against the TEOAE level in the frequency band
corresponding to the f; frequency range, whereas the 2f;-fi DPOAE was plotted against
the TEOAE range corresponding to the 2f;-fy DP frequency. The reason for the 2f;-f;
DPOAE being treated differently is that the generation site for lower sideband DPOAE
(e.g. 2fi-f) has been demonstrated to be in the region of the f; place whereas the
generation site for the upper sideband DPOAE (e.g. 2f;-fi) is in the region of the
emission frequency place (e.g. Martin et al, 1987, 1998; Kemp, 1998).

For each set of DPOAE stimulus parameters, a linear regression line was calculated
from the paired DPOAE and TEOAE level data and the standard deviation of the data
vertically from the regression line was calculated. This measure was used as the main
descriptor of the relationship between the measurements in preference to a Pearson
correlation as it indicates the uncertainty in dB associated with using the regression line
to predict the DPOAE level from the TEOAE measurement.

The standard deviation calculated in this way will be referred to as the Prediction
Standard Deviation (Prediction S.D.).

In order to investigate the influence of the across frequency averaging on the closeness
of the relationship between TEOAE and DPOAE level, Prediction S.D. was also
calculated using single point TEOAE and DPOAE data without cross-frequency
averaging for two DPOAE stimulus configurations; with L,=L,=70 dB SPL and
fo/f1=1.05 and 1.32. To ensure that the optimum frequency alignment of the TEOAE and
DPOAE fine structure was achieved, the TEOAE data were shifted by successive
frequency steps and a series of Prediction S.D. values were calculated. The lowest
calculated value for Prediction S.D. was then compared to the corresponding figure for
the averaged data. The difference indicated the extent to which the apparent relationship
between TEOAE and DPOAE was weakened by the fine structure mismatch of the
OAE’s when unaveraged data was compared.

The gradient (ADP/ATE) of the best fit line was also obtained as an indicator of the
relationship between TEOAE and DPOAE as a gradient close to 1 means that inter-
subject factors affecting OAE level affect both OAE forms in equal proportion,
implying similarities between the underlying mechanisms of TEOAE and DPOAE.

iii) Phase and Phase gradients

The phase of the OAE response relative to the stimulus is readily measurable and may
help to characterise the origin of an emission. The phase versus frequency gradient
associated with 2fi-f; DPOAE with stimulus sweeps of a constant frequency ratio is

known to be fairly flat when f/fi exceeds approximately 1.1, but to develop a much



Mechanisms of otoacoustic emissions C: TEOAE and DPOAE Relationships 65

steeper gradient at smaller frequency ratios (Kemp, 1986). This is likely to indicate a
difference in the means by which the 2f}-f; DPOAE is emitted at small and large f/f)
ratios, probably a switch between the wave-fixed and place fixed behaviour first
described by Kemp and Brown (1983).

The phase data obtained from the OAE recordings are only defined within the range
+/- 180°. In the present study the data sequences were ‘unwrapped’ using the following
procedure to yield the phase gradient.

Firstly, to deal with instances in which the data jumped up from -180° to +180°, 360°
was subtracted if the phase of a data point differed from adjacent data points by more
than twice the typical variance for a data series plus the maximum variation due to noise
at each point (based on twice the S.D. above the noise mean). Secondly, to correct
downward jumps from +180° to -180°, 360° was added if the phase gradient fell below
the overall line gradient by more than 360° minus the maximum noise and twice the
typical variance.

These criteria were chosen as they are logical and also appear to select the most
appropriate phase correction without being triggered excessively by data points with a
poor signal to noise ratio.

Subsequently, the phase gradient (relative to the change in emission frequency) was
used to provide a calculation of the group delay. The full data series from each DPgram
was utilised provided that all points exceeded the mean noise by at least 1 S.D.. Where
this was not the case, the data sequence was shortened to include the longest continuous
sequence of acceptable data. For a gradient to be recorded, a minimum of 3 consecutive
data points were required.

The phase gradient of the 2f}-f, DP was compared to the TEOAE phase gradient across
the frequency range of f; whereas the 2f,-fj DP was compared to the TEOAE phase
across the frequency range corresponding to the emission frequency, reflecting the

presumed sites of DPOAE generation.
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The greatest growth rate with increasing stimulus level seen in the 2f)-f; DPOAE was
1.4 dB/dB and can be seen by comparing the results with L,=L,=65,70 and 75 when
f2/fi=1.32. The lowest growth rate was 0.1 dB/dB and occurred when f,/fi=1.05 and
L,=L,+10 dB.

In contrast to the 2f,-f; DP, the highest level 2f,-f; DP responses were obtained when
f2/fi=1.05 and L;=L,. Reducing L, below L; resulted in reductions in 2f;-fy DP
response, the greatest being 1.4 dB per 1 dB change in L, when f5/fi=1.05 and L,=75 dB
SPL.

Increasing the frequency ratio above 1.05 also reduced the level of the 2f;-f; response,
especially when L;=65 dB SPL.

The greatest growth rates of the 2f,-f; DPOAE with increasing stimulus level occurred
when f£5/fi=1.32, although the response level generally remained lower than
corresponding measurements with lower frequency ratios. As with the 2f;-f; DP, there
was little growth in the 2f;-f; DP when f5/f;=1.05. This was particularly true especially
with L,<L;, when virtually no response growth occurred.

The 2f}-f; DP level was always greater than the 2f,-f; DP level except when L;=L; and
f,/£f,=1.05, in which case the 2f,-f; DP exceeded the 2f;-f, DP by 2-2.5 dB. The 2f}-f;
DP, however, was up to 20 dB greater than the 2f,-f; DP with large stimulus frequency

ratios and when L, was reduced below L.

b. Comparison of TEOAE and DPOAE levels

TEOAE responses exceeded the noise within the frequency region under investigation

in all ears tested, with the exception of a few isolated points in some subjects. The
summated TEOAE level within the frequency range varied from -2.0 dB SPL to 12.6 dB
SPL between subjects, with the mean being 6.2 dB SPL. The TEOAE mean level was
close to the mean for example of the averaged DPOAE sweeps with L;=L,=65 dB SPL
and £5/fi=1.2 or 1.27. For each subject, the standard error in the mean TEOAE level was
calculated from the set of individual TEOAE data points (this measure is likely to
reflect the amount of fine structure, although it could also indicate an underlying smooth
trend across the frequency range under test). The average of these was 1.3 dB,
comparable with standard errors of all the 2f;-fy DPOAE measurements and 2f;-f;
DPOAE measurements with f5/fj=1.05, which were typically in the range 1.2-1.6 dB.
The mean 2f}-f, DPOAE measurements with larger f/f; had smaller standard errors
mostly in the range 0.5-0.9 dB, indicating that these responses were flatter in the

frequency range studied.


















































































































































































































































































































































































































































































































