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Abstract

The basilar membrane (BM) input output (I/O) function is a non-linear compressive function over much of its operating range. A
low level non-compressive region with a break-point or compression threshold between 20 and 40 dB SPL has been identified. To
date, no similar compression threshold in cubic distortion tone otoacoustic emission (CDT) data, which would illustrate the
dependence of the CDT on BM growth, has been demonstrated. A Taylor series expansion of the outer hair cell gating function
yields an amplitude term for 2f13f2 of p.A1

2.A2, where A1 and A2 are the displacement amplitudes of the BM for two pure tone
input stimuli of levels L1 and L2, p a constant. By selectively varying either L1 or L2 with f2/f1 appropriately chosen to reduce
suppression effects, the CDT I/O function can be examined for deviation from the power law. In particular, if the amplitude of the
CDT were dependent on BM displacement amplitude, then it should be possible by an appropriate choice of parameters to measure
compression threshold. We have examined CDT I/O functions for an f2 of 8 kHz in the guinea pig and found them to be consistent
with the expected power law. With L1 held constant, L2 varied and f2/f1 = 1.6, a low level region with a slope of one and a
compressive region with a slope of 0.14^0.27 corresponding to the analogous regions of the BM I/O function was identified, with a
break-point or compression threshold of 22^33 dB SPL. z 1998 Elsevier Science B.V. All rights reserved.

Key words: Cubic distortion tone; Basilar membrane; Compression threshold; Guinea pig

1. Introduction

Distortion product otoacoustic emissions (DPOAEs)
are sounds recordable in the external ear canal that are
related to, but not present in, the stimulus. They are a
consequence of the fact that the cochlea is a non-linear
mechanical ampli¢er, intermodulation distortion prod-
ucts arising from the non-linear interaction on the bas-
ilar membrane (BM) of two simultaneously presented
pure tones. The site of origin of the DPOAE is presum-
ably near f2 (Brown and Kemp, 1984; Kummer et al.,
1995; Abdala et al., 1996; Fahey and Allen, 1997),
DPOAEs being thought to be generated mostly at the
place of greatest overlap of the travelling waves that
result from the two pure tone stimuli.

For an input of two pure tones, the cochlea will

produce both intermodulation and harmonic distortion,
in contrast to a linear system where the superposition
principle holds and the output faithfully re£ects the
spectral input. However, distortion energy will only
propagate well back to the stapes if the corresponding
characteristic frequency of this energy is below its site
of origin on the BM (Kirk and Yates, 1994). So whilst
two pure tones together produce a range of distortion
tones, those most easily measured in the ear canal in-
clude the quadratic and cubic intermodulation distor-
tion tones. This paper will be concerned with the cubic
distortion tone otoacoustic emission (CDT).

The primary source of the non-linearity in the coch-
lea appears to be forward transduction or mechano-
electrical transduction of the outer hair cell (Patuzzi
et al., 1989a,b), which, acting through the cochlear am-
pli¢er feedback loop, alters BM displacement amplitude
and subsequently the displacement of the stereocilia
bundle at the apex of the cell, producing a force on
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the gate of each transduction channel (Hudspeth, 1985).
It is described by the outer hair cell gating function, a
compressively non-linear function that is approximately
described by a Boltzmann function ^ a symmetrical,
saturating, sigmoidal curve (Hudspeth, 1985; Holton
and Hudspeth, 1986).

There would appear to be two aspects of this for-
ward transduction mechanism that contribute to the
outer hair cell force-current function. First, there is
the non-linearity associated with the statistical thermo-
dynamics of the transduction channels: with increasing
input force the output or receptor current saturates and
so can no longer faithfully re£ect the input. Second, a
mechanical non-linearity, also due to the forward trans-
duction process, has been identi¢ed in the de£ection of
the stereocilia bundle which varies the sti¡ness of the
bundle with displacement (Howard and Hudspeth,
1988), termed gating compliance. Jaramillo et al.
(1993) have considered distortion products arising
from gating compliance, but either or both non-linear-
ities could be the origin of the distortion products de-
tected in the ear canal as otoacoustic emissions.

The cochlear ampli¢er appears to be governed by the
forward, mechanical-to-electrical transduction stage,
leading to a BM input-output (I/O) function which
has three stages (see Fig. 1): a linear, low-level stage
where the forward transduction is e¡ectively linear; an
intermediate, compressive stage where the forward
transduction progressively saturates as the basilar mem-
brane amplitude increases; and a high-level, linear re-
gion where the saturated forward transduction is inef-
fective. The stimulus intensity at which transition
between the low-level and intermediate stages occurs
is determined by the gain of the cochlear ampli¢er
and the detailed properties of the forward transduction.
The high-level stage has been directly observed only in
preparations with a suspicion of damage (Johnstone et

al., 1986) and has been inferred from estimates of the
cochlear gain (Patuzzi et al., 1984), the transition esti-
mated to occur at about 110 dB SPL (Ruggero et al.,
1997).

The transition from the low level linear region to the
compressive region of BM displacement is de¢ned in
this paper as compression threshold (Cooper and Yates,
1994). This point represents the onset of non-linearity
in the BM I/O function. Data from BM I/O functions
based on auditory nerve rate-intensity functions suggest
a compression threshold of 35^40 dB SPL at a charac-
teristic frequency of approximately 18 kHz for the guin-
ea pig (Yates et al., 1990; Yates, 1990), while BM I/O
functions measured directly using laser techniques sug-
gest a compression threshold of approximately 20 dB
SPL for characteristic frequencies of 9^10 kHz in the
chinchilla (Ruggero et al., 1997) and approximately 35
dB SPL for a characteristic frequency of approximately
18 kHz in the guinea pig (Murugasu and Russell, 1996,
Fig. 3).

The force function for the generation of otoacoustic
emissions, the Boltzmann function, is representable as a
convergent power series called a Taylor series (Mars-
den, 1973). With an input function of two pure tones f1

and f2, the CDT (2f13f2) force generated at any point
along the membrane is obtained with an amplitude
term of p.A1

2.A2, where A1 and A2 are the displace-
ment amplitudes of the BM at that point, p a constant
(Sun et al., 1994a; Yates and Kirk, 1997). That is,
2f13f2 varies as the square of A1 multiplied by A2. If
one substitutes L1 and L2 for A1 and A2, where L1 and
L2 are the stimulus intensity levels of f1 and f2 respec-
tively (arguing an equivalence between stimulus level
and the resultant displacement amplitude of the BM,
but in fact disregarding the non-linear nature of the
cochlea and the site of origin of the CDT), then the
CDT for co-varying stimulus intensity levels would pre-
sumably grow at a rate on a log-log scale of three times
the increase in stimulus intensity level. For L1 or L2

varied independently, the rate of growth of the CDT
is expected to be equivalent to the increase in stimulus
level when L2 is varied and twice the increase in stim-
ulus level when L1 is varied.

In contrast to the predicted slope, measured CDT
I/O functions obtained with co-varying stimulus intensity
levels have been reported with a slope of between V0.6
and V1 for pure tone stimuli between 20 and 70 dB
SPL in human adults (Gaskill and Brown, 1990; Popel-
ka et al., 1993), and V0.8 in the guinea pig between 35
and 65 dB SPL (Brown and Gaskill, 1990). Brown and
Gaskill (1990) have considered CDT I/O functions with
either L1 or L2 held constant, reporting slopes of 1.25
and 1.69 in humans and guinea pigs respectively for L1

varied and 0.85 and 0.86 for L2 varied, slopes ``based
on a minimum of three points T before the response
saturates'' (p. 846). Suppressive e¡ects complicate inter-
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Fig. 1. Schematic of a basilar membrane input-output function
measured at the characteristic frequency.
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pretation of their data, this being further considered in
Section 3.

A possible explanation for the discrepancy between
predicted and observed slopes of CDT I/O functions is
that the CDT is modi¢ed by BM displacement ampli-
tude, such that with the onset of BM non-linearity the
growth of the CDT is modi¢ed. With this hypothesis, in
the low level, linear region, the CDT I/O function
would therefore have a slope of 3 for co-varying stim-
uli, a slope of 1 for L2 varied independently, and a
slope of 2 for L1 varied independently. In the compres-
sive region of the BM I/O function, the growth of the
CDT in all cases would be modi¢ed by BM non-line-
arity. The behaviour at high stimulus intensities is less
clear, however, since at this intensity the forward trans-
duction is completely saturated and so the Taylor series
analysis breaks down; the CDT might not increase at
all with intensity.

If the CDT follows a power law then its growth will
be proportional to A1

2.A2. This study sought to exam-
ine the hypothesis that the amplitude of the CDT orig-
inating from any point on the BM is dependent only on
BM displacement amplitude at that point. Ideally this
should be done with a range of frequencies, but in this
paper we have used only an f2 of 8 kHz. Using a very
low-noise microphone and ampli¢er and long averaging
times, the CDT was measured as far as practicable be-
low BM compression threshold.

CDT I/O functions were obtained for (i) L1 and L2

co-varied with the CDT measured over a wide range of
stimulus intensities ; (ii) L1 and L2 varied independently,
measuring the CDT over a wide range of stimulus in-
tensities ; (iii) L1 and L2 co-varied with the addition of a
suppressor tone at a frequency close to f2, to suppress
and linearise BM vibration amplitude at the f2 charac-
teristic place and measure the CDT over a range of
stimulus intensities.

In this paper, hereafter, we de¢ne A1 and A2 as the
displacement amplitudes of the BM at the f2 character-
istic place (the presumed site of origin of the CDT) that
result from two pure tone stimuli with stimulus levels
L1 and L2.

The ratio f2/f1 was expected to be a signi¢cant factor
for these experiments due to mutual suppressive e¡ects
(Kim et al., 1980). With increasing f2/f1, the suppressive
e¡ect would be expected to reduce to that of L1 on the
f2 place, without any suppression by L2 on f1. As a
result, a frequency ratio of 1.6 was chosen for L1 or
L2 varied independently to minimise suppressive e¡ects.

2. Methods

Pigmented guinea pigs (480-800 g) were anaesthetised
with Nembutal (30^35 mg/kg i.p.) and Atropine (0.06
mg i.p.), followed approximately 15 min later by Lep-

tan (0.15^0.2 ml i.m.). Neuroleptanaesthesia (Evans,
1979) was maintained using supplementary doses of
Nembutal and Leptan. The guinea pigs were tracheos-
tomised and arti¢cially respired on Carbogen (5% CO2

in O2), with body (rectal) temperature maintained at
37³C. The head was positioned using a head-holder
which could then be rotated for access to the ear canal.
Alloferin or pancuronium (0.15 ml i.m.) was adminis-
tered to reduce stapedius muscle contractions. The bulla
was opened post-auricularly and a silver wire electrode
placed on the round window niche for recording of the
compound action potential (CAP) to monitor the con-
dition of the cochlea. Adequate bulla ventilation was
ensured by placing a plastic tube in the bulla opening.
During paralysis no change in heart rate was observed.

Animals were killed with a lethal injection of Leth-
abarb intraperitonealy (260^325 mg Pentobarbitone So-
dium) and ventilation turned o¡ 10^30 min after the
injection. Post-mortem measurements were de¢ned as
subsequent to the cessation of ventilation (applies to
animals GP041 and GP044, Fig. 2).

This experiment was computer controlled with cus-
tom software and a sound-card (Crystal Semiconductor
Corporation CS4231A). Ear canal sound pressures were
measured with a Sennheiser MKE 2-5 Electrostatic Mi-
crophone coupled to a metal probe-tube 9 mm in length
and 1.3 mm internal diameter. A 1500 6 acoustic ¢lter
was used as an acoustic damper in the probe-tube. The
probe-tube was placed approximately 2 mm into the
external auditory meatus and the earphone positioned
near the pinna with the position of the earphone ad-
justed to obtain a relatively £at ear canal sound pres-
sure spectrum. The contralateral ear was not occluded.

The output from the probe tube microphone was
ampli¢ed 20 dB, band-pass ¢ltered (0.3^30 or 100
kHz) using two-pole Butterworth ¢lters, and then digi-
tised in V93 ms epochs at a rate of 44.1 kHz. The
epochs were averaged for a total of 10^640 s. FFTs
were calculated with 256 points. Corrections for probe
tube and microphone frequency responses were made.

Two digitally generated, electrically mixed, pure tone
stimuli were acoustically delivered in free-¢eld by a Fos-
ter Dynamic Earphone (Type T016H01A0000). CDT
I/O functions were obtained for f2 = 8 kHz and
f2/f1W1.2 or 1.6. An f2 of 8 kHz was chosen as a com-
promise between noise considerations for decreasing f2

and the limit of f2 set by the software at the time of this
study. A frequency ratio of 1.2 was used where the
stimulus intensity levels were co-varied. A larger f2/f1

ratio of 1.6 was used for either of L1 or L2 varied
independently with the other stimulus level ¢xed ^ the
larger the frequency ratio, the greater the value of L1

that can be used without suppressing f2 and vice-versa.
By way of comparison, a frequency ratio of 1.2 for L2

varied was also examined.
For suppression experiments, a suppressor tone with
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a frequency of 7500 Hz was generated by a Hewlett
Packard 3325A Signal Generator which was then elec-

trically mixed with the output from the digital to ana-
logue converter and delivered via the Foster earphone.

The care and use of animals reported on in this study
was approved by the Animal Experimentation Ethics
Committee of the University of Western Australia (ap-
proval number UWA 91/97), and all procedures con-
formed with the Code of Practice of the National
Health and Medical Research Council of Australia.

3. Results

3.1. Co-varying L1,L2

Considering ¢rst CDT I/O functions obtained for L1

and L2 co-varying, Fig. 2 shows results obtained from
three animals. Fig. 2 (i, iii) shows I/O functions ob-
tained with and without a suppressor tone, and post
mortem; in Fig. 2 (ii) there is no post-mortem result.
The slopes of the CDT I/O functions (with no suppres-
sor tone) vary from 1.2 to 1.4 over the range
309L29 75 dB SPL. This region could correspond to
the mid level compressive region of the BM I/O func-
tion. The CDT I/O function for L1 and L2 co-varying
however is complicated by mutual suppressive e¡ects
occurring with increasing L1, L2 (Kim et al., 1980)
and the CDT presumably being a sum of vector com-
ponents (Zwicker, 1980).

For L2 6 30 dB SPL for each of the three animals
there is evidence, albeit based on one data point, of the
slope being much greater than the 1.2^1.4 observed for
L2 s 30 dB SPL. This increase in slope is consistent
across animals and would be consistent with the sound
pressure level at which BM growth becomes compres-
sive. Note that for Fig. 2 (ii, iii) the data point for the
lowest stimulus level actually represents the noise £oor
with no CDT identi¢ed, however this clearly indicates a
signi¢cant change in the slope as the actual CDT value
would be of the order of, or less than, this noise £oor
value.

The CDT I/O functions in Fig. 2 essentially show
CDT amplitude to continue to increase up to a stimulus
level of V90 dB SPL. This is consistent with a high
level transition point for BM I/O functions in the chin-
chilla of the order of 110 dB SPL (Ruggero et al., 1997).
A non-monotonicity is evident at V75 dB SPL, the
origin of non-monotonicities in the CDT I/O function
having been suggested as being due to phase interac-
tions between the CDT vector components (Zwicker,
1980). He and Schmiedt (1993) have suggested that
non-monotonicities and overall variability in the CDT
I/O function in humans is associated with the behaviour
of CDT ¢ne structure with level, however the CDT in
the guinea pig does not demonstrate the same ¢ne
structure (Brown and Gaskill, 1990).

With the addition of an V70 dB SPL suppressor
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Fig. 2. CDT I/O functions for L1 and L2 co-varying, with an V70
dB SPL 7.5 kHz suppressor tone, and approximately 90 min post
mortem in (i) and (iii). f1 = 6.6 kHz, f2 = 8 kHz, f2/f1 = 1.2.
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tone with a frequency just below f2, the CDT I/O func-
tion shifts to the right with an increase in slope to a
value of V3 for L2 6 70 dB SPL. A slope of 3 is as
predicted by simple non-linear analysis, with the active
process inhibited. This is consistent with Sun et al.
(1994b)'s observation that the addition of a level satu-
rating non-linearity can modify the slope of the CDT
from three to approximately one, since suppression ef-
fectively removes the compression associated with the
active process (Ruggero et al., 1992). Inhibition of the
active process by suppression is analogous to Mills and
Rubel (1994) describing reducing the endocochlear po-

tential and obtaining a CDT I/O function which they
termed as having a passive source.

Post-mortem data in Fig. 2 (i, iii) show the I/O func-
tion to shift further to the right with an increase in
slope, illustrating the physiological nature of the data.

Instrumental distortion will have a slope of three for
stimulus levels that are co-varied. I/O functions with the
addition of a suppressor tone are not contaminated by
instrumental distortion though as the post-mortem re-
sponses provide an upper limit to such distortion. In-
dependent measures of instrumental distortion in a
hard-walled cavity of dimensions commensurate with
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Fig. 3. CDT I/O functions for L1 ¢xed (51 dB SPL9L19 56 dB SPL), L2 varied. f1 = 5 kHz, f2 = 8 kHz, f2/f1 = 1.6. A curve ¢tted to each data
series is given by a solid line. Arrowheads indicate compression threshold. The noise level in each case is indicated by a dashed line.
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the guinea pig ear canal suggest post-mortem responses
not to be contaminated by such distortion (for stimulus
levels of 85 dB SPL cubic instrumental distortion was
less than 34 dB SPL).

3.2. L2 varied independently

Fig. 3 provides six examples of CDT I/O functions
with L1 ¢xed and L2 varied, L1 having a value between
51 and 56 dB SPL. Fitted to the data in each example is
a curve described by the equation

CDT � cU
A
�1=A431�
3 Up�1=A4�

A
�1=A431�
3 � p�1=A431�

" #A4

�1�

where c is a scaling factor, A3 is the sound pressure at
which the BM becomes non-linear, A4 is the slope of
the BM I/O curve in its compressive region, p is the
stimulus sound pressure (in Pascals).

This equation represents the BM I/O curve derived
from auditory nerve rate-intensity functions (Yates,
1991) and so represents BM displacement measured at
a single point on the BM. Because CDT data presum-
ably represent a vector sum of components arising from
many di¡erent points along the BM (Zwicker, 1980),
the quali¢er to the use of Eq. 1 to ¢t CDT data is
that it will only be an approximation. However, it can
be seen that up to stimulus levels of L2 of approxi-
mately 50 dB SPL, the curve ¢t in each example sup-
ports the hypothesis of the CDT being proportional to
BM displacement amplitude. Above 50^60 dB SPL,
suppressive e¡ects complicate the interpretation (Arthur
et al., 1971; Schmiedt, 1982; Delgutte, 1990), so points
above V50 dB SPL were not included for curve ¢tting.

Also shown in Fig. 3 are noise levels to give some
indication of the signal to noise ratios of the CDTs
measured. The noise level in each case was determined
by calculating the average pressure of four points in the
FFT (two points either side of the 2f13f2 point) and
then calculating the sound pressure level of this average
pressure value.

Table 1 shows CAP threshold, compression thresh-
old and A4 for each of the six animals in Fig. 3. Com-
pression threshold values range from 22 to 33 dB SPL.
The di¡erence between CAP threshold and compression
threshold is 9 6 dB in all cases, consistent with the
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Fig. 4. CDT I/O functions with L1 ¢xed, L2 varied, for three di¡er-
ent levels of L1. f1 = 5 kHz, f2 = 8 kHz, f2/f1 = 1.6. A curve ¢tted to
each data series is given by a solid line.

Table 1
CAP threshold, compression threshold with L1 ¢xed, L2 varied, and A4 for each of the six animals in Fig. 3

Animal CAP threshold (dB SPL) Compression threshold (dB SPL) A4

GP050 33 31 0.16
GP051 26 22 0.27
GP052 29 31 0.14
GP059 31 26 0.15
GP060 30 29 0.16
GP090 39 33 0.20
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observation from neural data that CAP threshold oc-
curs close to compression threshold level (Yates et al.,
1990). A4, which represents the slope of the BM I/O
curve in the compressive region, ranges from 0.14 to
0.27, in good agreement with directly measured values
of 0.2^0.3 (Robles et al., 1986; Yates et al., 1990; Rug-
gero et al., 1997).

Fig. 4 gives three examples of CDT I/O functions
obtained for L2 varied independently, with successively
increasing values of L1. For L1 above V60^65 dB SPL,
it would appear that L1 is beginning to suppress f2 as
the I/O functions move to the right, i.e. compression
threshold is observed to increase. Compression thresh-
old values from Fig. 4 are given in Table 2.

3.3. L1 varied independently

Fig. 5 shows CDT I/O functions from two animals
for L1 varied, L2W70 dB SPL. For L1 6 55 dB SPL the
slope of both functions is 2. For L1 s 56 dB SPL both
functions have a slope of V1.2. A slope of 2 below the
respective `observed' transition points (56 and 53 dB
SPL respectively) is consistent with the expected power
law growth. Now for L1 varied, it is the growth of A1

that determines the I/O function: at the f2 site, com-
pression threshold, if present, will occur at a much
higher value of L1 than that observed for L2 in Fig.
4. In Fig. 5, it is probable that compression threshold
has not been reached but in fact that the change in
slope from 2 to 1.2 is due to suppression of f2 by L1.
This interpretation is supported by Fig. 7 of Ruggero et

al. (1997) where velocity-intensity functions of BM re-
sponses to tones with frequencies equal to and lower
than a characteristic frequency of 10 kHz were pre-
sented for the chinchilla: compression thresholds of
20 dB SPL at 10 kHz, 30 dB SPL at 9 kHz, 50 dB
SPL at 8 kHz, and no compression threshold up to
90 dB SPL at 7 kHz are suggested. Thus for a fre-
quency ratio of 1.6, corresponding to an f1 of 5 kHz,
no compression threshold should be evident in the CDT
I/O function up to L1 = 90 dB SPL.

3.4. Interpretation for L1, L2 co-varying

Armed with estimates of compression thresholds
from BM I/O data from Ruggero et al. (1997), consider
the CDT I/O functions for co-varying stimuli (Fig. 2).
With f2/f1 = 1.2, assuming an f2 site of origin, the 8kHz
tone (f2) has a compression threshold of V20 dB SPL
whilst the 6.6 kHz tone (f1) has a compression threshold
of V45 dB SPL at the f2 place, and furthermore the
growth of the 6.6 kHz tone in the compressive region at
the f2 or 8 kHz site will have a slope greater than 0.2,
i.e., 0.5^0.6. So for co-varying stimuli less than 20 dB
SPL, the slope should be 3, from 20 to 45 dB SPL the
slope should V2.2, and above 45 dB SPL the slope
should be about (0.5U2+0.2) = 1.2. These estimates do
not consider suppression e¡ects, nor the hypothesis that
the CDT is presumably a sum of vector components
and so with spread of the CDT excitation pattern
with increasing stimulus level, phase interactions be-
come more signi¢cant. Thus predicted slopes will not
necessarily match those observed in Fig. 2, and so it is
di¤cult to interpret CDT I/O functions for co-varying
stimuli.

3.5. L2 varied with f2/f1 = 1.2 versus 1.6

Fig. 6 shows CDT I/O functions obtained with f2/
f1 = 1.2 with L2 varied (L1 = 40, 47, 55 dB SPL) and for
f2/f1=1.6 with L1 = 57 dB SPL, L2 varied. Compression
threshold is 24 dB SPL in Fig. 6 (ii). Applying the curve
¢tting equation to Fig. 6 (i) for L1 = 40 dB SPL and
only including data points with L29 37 dB SPL (to
avoid suppressive e¡ects), a compression threshold of
26 dB SPL is obtained, in good agreement with the 24
dB SPL obtained in Fig. 6 (ii). With L1 s 40 dB SPL in
Fig. 6 (i), compression threshold shifts upwards in val-
ue, L1 presumably suppressing at the f2 site above 40
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Fig. 5. CDT I/O functions with L2 ¢xed (L2W70 dB SPL), L1 var-
ied. f1 = 5 kHz, f2 = 8 kHz, f2/f1 = 1.6.

Table 2
Compression thresholds (dB SPL) for increasing L1, with L1 ¢xed, L2 varied, for the three animals in Fig. 4

Average L1 (dB SPL) Animal GP050 Animal GP051 Animal GP052

53 31 22 31
59 33 33 31
65 36 35 35
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dB SPL. As L2 is further increased in value the I/O
functions roll over, evidence for suppression of the f1

primary. The I/O functions for both L1 = 40 dB SPL
and L1 = 47 dB SPL indicate a suppression threshold
of 37 dB SPL. For L1 = 55 dB SPL, the f2 place also
appears to be suppressed as the roll-over point is raised
to 47 dB SPL. These values are in good agreement with
suppression threshold estimates from cat and gerbil
neural data (Arthur et al., 1971; Schmiedt, 1982; Del-
gutte, 1990).

It is evident that an estimate of compression thresh-
old may be obtained from CDT data with f2/f1 = 1.2
(provided compression threshold is su¤ciently below
the L2 suppression threshold level of f1), but suppres-
sive e¡ects hide the dependence of the growth of the
CDT on BM displacement amplitude in the region of
compressive BM growth. This dependence is better il-
lustrated with a larger frequency ratio of 1.6.

4. Discussion

Cubic distortion tone I/O functions reported in this
paper suggest that the CDT does follow the expected
power law with its growth proportional to A1

2.A2,

where A1 and A2 are the displacement amplitudes of
the BM at the f2 characteristic place, although in gen-
eral A1 and A2 are associated with the CDT force gen-
erated at many points on the BM. For a site of origin
for the CDT near f2, A1 and A2, or more exactly
A1

2.A2, presumably only becomes signi¢cant near f2.
For L2 varied independently (Fig. 3), a low level

linear region and a mid-level compressive region is sug-
gested which would correspond to the BM I/O function
measured at the characteristic frequency; compression
thresholds of 22^33 dB SPL were obtained, in reason-
able agreement with previous estimates based on BM
I/O functions (Yates et al., 1990; Yates, 1990; Muru-
gasu and Russell, 1996; Ruggero et al., 1997). A com-
pression threshold of 22^33 dB SPL suggests a CDT
site of origin close to the characteristic place for f2, as
has been previously suggested by Anderson (1980), and
is consistent with model data from Yates and Kirk
(1997). If the CDT site of origin were basal to the
peak of the f2 travelling wave, then the compression
threshold for CDTs would be greater than for the
BM due to the greater stimulus level required to satu-
rate the BM at that point.

Good agreement was observed for CDT I/O func-
tions obtained with L2 varied with the ¢tted curves
using Eq. 1. Now as this equation represents BM dis-
placement measured at the characteristic frequency on
the BM, it is evident that for low level stimuli, the CDT
behaves as if it originates at a single characteristic
place. Since the region of interaction on the BM be-
tween two travelling waves that results from two pure
tone stimuli can only be near the f2 place, and since f2 is
the component being altered, the f2 place must be this
characteristic place.

It has been suggested that there are two `sources' of
CDT ^ an `active' source dominant at low stimulus
intensity levels and a `passive' source dominant at
high stimulus intensity levels (Whitehead et al., 1990;
Whitehead et al., 1992a,b; Mills and Rubel, 1994). An
alternative explanation, supported in this paper, is that
there is only one `source', the non-linearity inherent in
mechano-electrical transduction, and the amplitude of
the CDT originating from any point on the BM is de-
pendent only on BM displacement amplitude at that
point. A viewpoint of only one source is supported by
Mills (1997).

It is thought that CDTs are produced predominantly
by the maximum overlap of two travelling waves on the
BM. This maximum overlap of the travelling waves
occurs essentially at the f2 place for low level stimuli.
In presenting data with L2 varied to identify compres-
sion threshold, it has been pre-supposed that L1 can be
chosen to interact with L2 without ¢rst suppressing at
the f2 place. It may be that the measurement of CDT is
evidence for L1 suppressing at the f2 place. The agree-
ment between CDT I/O functions with L2 varied and
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Fig. 6. CDT I/O functions (i) with f2/f1 = 1.2 with L1 ¢xed and L2

varied (L1 = 40, 47, 55 dB SPL), f2 = 8 kHz, and (ii) with f2/f1 = 1.6
with L1 = 57 dB SPL, L2 varied, f2 = 8 kHz. Arrowheads indicate
compression threshold.
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¢tted curves described by Eq. 1 (Fig. 3) would seem to
argue for the former.

In this paper, we have not considered the suppressive
e¡ects of the stimulus tones at the 2f13f2 site ; Gigueére
et al. (1997) recently considered the suppressive e¡ect of
L1 on the perceived cubic distortion tone, demonstrat-
ing that the e¡ect reduces with increasing f2/f1. For L2

varied independently with an f2/f1 of 1.6, f2 = 8 kHz,
f1 = 5 Hz and 2f13f2 = 2 kHz, suppression of 2f13f2

by L1 with L1 6 60 dB SPL should be non-signi¢cant.
We have considered the suppressive e¡ects of L1 on f2

and L2 on f1, arguing for a greater f2/f1 to reduce sup-
pression and so reveal the dependence of CDT ampli-
tude on BM displacement amplitude. For the CDT in
humans, Brown et al. (1996) and Brown and Gaskill
(1996) suggest that both the f2 and 2f13f2 sites contrib-
ute to the resultant CDT in some cases, with the f2

element being the dominant component. This is the
presumed source of the CDT ¢ne structure seen in the
human, however the guinea pig does not demonstrate
the same ¢ne structure (Brown and Gaskill, 1990) and
so would not appear to have a secondary emission from
the 2f13f2 site.

It is likely that the BM I/O function compression
threshold for humans occurs at approximately 20 dB
SPL at 1 kHz, based on psychoacoustic ¢ndings (Vie-
meister and Bacon, 1988). A compression threshold of
9 20 dB SPL would explain why there has been no
evidence for a cubic power law from CDT I/O functions
in humans (He and Schmiedt, 1993). Cubic distortion
tone I/O functions have invariably been obtained with
the stimulus levels co-varying, and never extending sig-
ni¢cantly in stimulus level below 20 dB SPL. Human
CDTs at such levels would be di¤cult to identify due to
the poor signal to noise ratio.

Cubic distortion tones in humans appear to be small-
er in amplitude than that found in non-human mam-
mals. For instance, for equi-level stimuli and f2/f1=1.2,
the amplitude of the CDT is some 60 dB below the
stimulus level in humans but only 40 dB in guinea
pigs. One possible explanation for this is the greater
frequency selectivity in humans (Fay, 1988) and hence
reduced overlap of the excitation patterns that result
from the two pure tone stimuli, although this might
be balanced to some extent by reduced suppressive ef-
fects. Suppressive e¡ects will also be determined by the
frequency selectivity of the BM.

Cubic distortion tone otoacoustic emissions have
found widespread application in the evaluation of hu-
man auditory function. The focus in their application
however has been on the amplitude of the CDT for
¢xed level stimuli with a pass/fail criteria (e.g. Stover
et al., 1996; Gorga et al., 1996). Compression threshold
provides a value that is closely related to CAP thresh-
old in cochleas with normal auditory sensitivity. It
awaits further studies though to determine whether

auditory sensitivity in pathologically altered cochleas
can be predicted on the basis of compression threshold
estimates from CDTs, or indeed if such a technique has
any clinical utility.
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