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This study examined the transient-evoked otoacoustic emission obtained in response to a click
stimulus presented in combination with a pure tone in the guinea pig. Low-pass filtered click
waveforms were digitally generated using a sin(t)/t function windowed over 3 ms with an elevated
cosine envelope. Transient-evoked otoacoustic emissions were obtained using the nonlinear derived
response technique. Phase locked pure tones of various frequencies at;70 dB SPL were
electrically mixed with electrical clicks, with the pure tone present only for the three lower level
stimuli in the train of four stimuli. Enhancement in the amplitude of the response spectrum at
frequencies which corresponded to regions of the basilar membrane apical to the tone was observed
with the addition of the tone. This finding is inconsistent with the transient-evoked otoacoustic
emission being the result of independent generators. It suggests that intermodulation distortion
energy may contribute to the transient-evoked otoacoustic emission, the enhancement in the
emission response spectrum at frequencies below the pure tone being a result of a complex
interaction on the basilar membrane of intermodulation distortion products. ©1998 Acoustical
Society of America.@S0001-4966~98!06107-4#

PACS numbers: 43.64.Jb, 43.64.Kc@BLM #
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INTRODUCTION

Otoacoustic emissions are evidence of an active pro
or mechanical injection of energy in the cochlea~Patuzzi
et al., 1989; Dallos, 1992!. The active process is a positiv
feedback mechanism which enhances the vibration of
basilar membrane with negative damping or mechanical
plification ~Patuzzi and Rajan, 1992; Dallos, 1992; Dav
1983!. An understanding of the physiological origin of th
various types of otoacoustic emission is essential if ot
coustic emissions are to be meaningfully applied as an in
tigative tool of auditory function. Of the two most common
measured types of emission, distortion product otoacou
emissions are now felt to be reasonably well understo
being due to a nonlinearity inherent in the mechan
electrical transduction process~Jaramillo et al., 1993;
Howard and Hudspeth, 1988!. The origin of the transient-
evoked otoacoustic emission~TEOAE!, it has been sug-
gested, involves reflections from impedance discontinuit
either anatomical or as a result of a wave related mechan
interaction ~Kemp, 1978, 1986; Guelke and Bunn, 198
Strube, 1989!.

A transient acoustical stimulus has a broad spectral p
file which stimulates a wide region of the cochlear partiti
and produces an otoacoustic emission with a similarly br
power spectrum. TEOAEs have been presumed to involv
linear correspondence between the stimulus spectrum an
response spectrum~Wit et al., 1981; Kempet al., 1990; Xu
et al., 1994!, the frequency spectrum of the TEOAE bein
correlated with the presence or absence of auditory dysfu

a!Electronic mail: rwithnel@cygnus.uwa.edu.au
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tion at the corresponding cochleotopic location on the bas
membrane~Kemp et al., 1990; Prieveet al., 1993, 1996;
Ueda et al., 1997!. However, this simple relationship ma
not be valid, since the assumption of a cochleotopic corre
tion between the acoustic stimulating energy and the res
ant emission for TEOAEs does not satisfactorily explain c
tain experimental and histopathological findings~Wit and
Ritsma, 1983; Avanet al., 1993, 1995, 1997; Hilgeret al.,
1995!.

Sutton ~1985! examined suppression of a TEOAE b
pure tones, considering the spectral energy of the emissio
the 1–3 kHz region with suppressor tones at 1010, 12
1760, and 2000 Hz on one human ear. He reported that
emission spectrum was reduced by a pure-tone suppre
but in a complex manner and not confined to the region
the suppressor frequency. Sutton suggested that ‘‘the e
sion generator does not behave as a simple localized so
at the place for that frequency, but rather that the activity
distributed over a considerable length of the basilar me
brane.’’ Kemp and Chum~1980! and Tarvartkiladzeet al.
~1994! have also examined suppression of a TEOAE by p
tones. In contrast to Sutton~1985!, Kemp and Chum~1980!
reported suppression of a TEOAE in the human to be c
fined to the region of the suppressor tone frequency; h
ever, for the example given in that paper the frequency of
suppressor tone was the ‘‘particular frequency@that# resulted
in the greatest and most tuned suppression’’~Kemp and
Chum, 1980!. Tarvartkiladze et al. ~1994! reported iso-
suppression tuning curves and also found a degree of ‘‘t
ing,’’ but this tuning was associated with the spectrum of t
response.

To explore further the question of origin of the TEOAE
we have extended the work of Sutton to consider the ef
344(1)/344/6/$15.00 © 1998 Acoustical Society of America
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of a pure-tone suppressor on the TEOAE with a variety
stimulus spectra and pure-tone suppressors, but in this
in the guinea pig. Pure tones of;70 dB SPL were used in
this study: a 70 dB SPL pure tone presumably suppress
region on the basilar membrane that roughly matches
suppressor excitation pattern on the basilar membrane
maximum suppression occurring in the region of the f
quency of the pure tone. If TEOAE generators act indep
dently, then with the addition of a 70 dB SPL tone we exp
a reduction in the amplitude of the TEOAE power spectr
over a range of frequencies but with the predominant ef
being a maximal reduction of the emission near the f
quency of the tone. Enhancement of the emission is not t
expected at any frequency.

I. METHOD

Pigmented guinea pigs approximately 600 grams
weight were anaesthetized with Nembutal~30–35 mg/kg
i.p.! and Atropine~0.06 mg i.p.!, followed approximately 15
min later by Leptan or Hypnorm~0.15–0.2 ml i.m.!. Neuro-
leptanaesthesia~Evans, 1979! was maintained using supple
mentary doses of Nembutal and Leptan or Hypnorm. T
guinea pigs were tracheostomised and artificially respired
Carbogen~5% CO2 in O2!, with body ~rectal! temperature
maintained at 37 °C. The head was positioned using a h
holder which could then be rotated for access to the ear
nal. Alloferin or Pancuronium~0.15 ml i.m.! was adminis-
tered to reduce stapedius muscle contractions. Du
paralysis potentially noxious stimuli produced no change
heart rate. The bulla was opened post-auricularly and a s
wire electrode placed on the round window niche for reco
ing of the compound action potential to monitor the con
tion of the cochlea. A plastic tube was positioned in the bu
opening to ensure that the bulla was always adequately
tilated, although no attempt was made to seal the bulla. T
could have resulted in some variation in bulla resona
from animal to animal~in the range 300–1000 Hz!, but
OAEs were only examined above 1000 Hz.

This experiment was computer controlled with custo
software and a sound-card~Crystal Semiconductor Corpora
tion CS4231A!. Electrical mono-polar click stimuli were
acoustically delivered open-field by a Foster dynamic e
phone type T016H01A0000. Ear canal sound pressures w
measured with a Sennheiser MKE 2–5 electrostatic mic
phone coupled to a metal probe tube 9 mm in length
1.3-mm internal diameter. A 1500-V acoustic filter was used
as an acoustic damper in the probe tube. The probe tube
placed approximately 2 mm into the external auditory m
atus and the earphone positioned near the pinna with
position of the earphone adjusted to obtain a relatively
ear canal sound pressure spectrum. This arrangement
vides a viable alternative to conventional acoustic probe s
tems for the measurement of otoacoustic emissions, the
sition of the earphone close to the pinna but not coupled
the meatus providing a much wider stimulus spectrum t
that typically obtained with conventional acoustic probe d
signs~Withnell et al., 1998!.

The output from the probe tube microphone was am
fied 20 dB, bandpass filtered~0.3–100 kHz! using two-pole
345 J. Acoust. Soc. Am., Vol. 104, No. 1, July 1998
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Butterworth filters, and then digitized in 26-ms epochs a
rate of 44.1 kHz. Stimulus repetition rate was approximat
38.5 Hz. A cosine-ended window was applied to the first a
last 2 ms of the averaged responsepost hocto avoid fre-
quency splatter associated with the Fourier transform ca
lation; no windowing of the TEOAE was performed thoug
as stimulus onset in each epoch occurred at 2 ms. Cor
tions for the probe tube response have been made.

Low-pass filtered click waveforms were digitally gene
ated using a sin(t)/t function windowed over 3 ms with an
elevated-cosine envelope. TEOAEs were obtained using
nonlinear derived response technique~Kemp et al., 1990!.
The stimulus train consisted of three click stimuli followe
by a single similar click stimulus at three times the intensi
The three ear canal sound pressure measurements to
lower level click were added together, and the fourth e
canal measurement to the higher level click subtracted.
result was then divided by three to form the derived
sponse. Each stimulus train was repeated 250 or 1000 ti
and the responses averaged. Pure tones of various freq
cies at;70 dB SPL and phase locked to the click repetiti
were electrically mixed with electrical clicks, with the pur
tone present only for the three lower level stimuli in the tra
of four stimuli but not for the higher level reference stimulu
The phase of the tone was inverted on each alternate st
lus train so as to cancel it in the averaging process. Thus
were able to examine the effect of the pure tones on
response to the lower level click stimulus only. The choice
pure-tone frequency was restricted by the requirement of
tone having a phase relationship with respect to the sig
averaging process such that the tone was cancelled from
averaged response. Fourier transforms for TEOAEs were
culated with 1024 data points. Data analysis was perform
using Microsoft Excel.

The care and use of animals reported on in this stu
were approved by the Animal Experimentation Ethics Co
mittee of the University of Western Australia and all proc
dures conformed with the Code of Practice of the Natio
Health and Medical Research Council of Australia.

II. RESULTS

Figure 1 shows examples of the effect of a pure to
presented in combination with a click stimulus when the f
quency of the pure tone was within the passband of
stimulus. TEOAEs are shown in response to an 80 dB pS
~peak sound pressure level! click stimulus with the addition
of a 66–72 dB SPL pure tone with a frequency of 3, 4, 5,
6 kHz, the click stimulus having a relatively flat spectru
from 0 to 7 kHz. The 3-kHz tone enhanced the emiss
from 1 to 2 kHz and caused some reduction in the emiss
spectrum centered around 2.5 kHz. A 4-kHz tone produ
enhancement of the TEOAE from 1.5 to 3 kHz, a 5-kHz to
from 2.5 to 5 kHz, and a 6-kHz tone from 4 to 6 kHz. Som
reduction in the emission is seen around 2 and 5 kHz for
5-kHz tone and from 2 to 4 kHz and from 6 to 7 kHz for th
6-kHz tone. In complete contrast to our expectation, but c
sistent with the findings of Sutton~1985! in a human ear,
there was effectively no suppression centered on the supp
sor frequency. Furthermore, there was evidence of enha
345R. H. Withnell and G. K. Yates: Enhancement of TEOAE
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FIG. 1. TEOAEs in response to a 0–
kHz bandwidth transient acoustic
stimulus demonstrating enhanceme
and suppression of the emission spe
trum when combined with an;70 dB
SPL 3-, 4-, 5-, or 6-kHz pure tone. Re
sponse repeatability is illustrated b
two separate measures of the respon
without a pure tone added~dark
curves!. The lighter shading curve rep
resents the TEOAE with the addition
of a pure tone. A low level second har
monic of the pure tone that has no
been cancelled is evident. Also show
is the noise floor. Decibels on ordinat
scale is calculated re:
0.000 01 Pa/AHz.
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ment in all cases at frequencies corresponding to region
the basilar membrane apical to the tone. Only for the cas
the 6-kHz tone is there evidence of suppression in the reg
of the tone frequency.

We extended Sutton’s work by considering the effect
a tone above the stimulus frequency range. Figure 2 sh
power density spectra for TEOAEs obtained from a 75
pSPL click stimulus with a relatively flat signal spectru
from 0 to 5 kHz. The addition of a 66–70 dB SPL tone wi
a frequency of 10, 12, or 15 kHz clearly enhances the a
plitude of the response spectrum below 5 kHz, the degre
enhancement being related to the frequency of the tone.
346 J. Acoust. Soc. Am., Vol. 104, No. 1, July 1998
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higher the frequency of the tone, the smaller the effect on
amplitude of the response spectrum. For the 10-kHz t
there is enhancement of the response spectrum from 1
kHz; the 12-kHz tone produces enhancement from 1.5 t
kHz; the 15-kHz tone enhancement is predominantly fr
3.5 to 5 kHz. In all three cases the frequency of the tone
above the uppermost frequency of the stimulus spectrum

Figures 1 and 2 provide results obtained from differe
animals. In Figs. 3 and 4, the effect on the TEOAE with t
addition of a 68–69 dB SPL pure tone with a frequency b
within and above the stimulus passband is shown for the
animal. Figure 3 is for an 80 dB pSPL click stimulus with
5

-
-

-

k

FIG. 2. TEOAEs in response to a 0–
kHz bandwidth transient acoustic
stimulus showing predominantly en
hancement of the emission when com
bined with an;70 dB SPL 10-, 12-,
or 15-kHz pure tone. The lighter shad
ing curve represents the TEOAE with
the addition of a pure tone, the dar
curves without a pure tone. Also
shown is the noise floor.
346R. H. Withnell and G. K. Yates: Enhancement of TEOAE
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FIG. 3. TEOAEs in response to a 0–
kHz bandwidth stimulus demonstrat
ing the effect on the emission of add
ing an ;70 dB SPL 3-, 6-, 9-, or 12-
kHz pure tone. The lighter shading
curve represents the TEOAE with th
addition of a pure tone, the dark
curves without a pure tone. A low
level second harmonic of the pure ton
that has not been cancelled is eviden
Also shown is the noise floor.
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5-kHz bandwidth; Fig. 4 for an 89 dB pSPL stimulus with
10-kHz bandwidth. In Fig. 3, enhancement of the TEOAE
evident from 3 to 5-kHz with the addition of the 6-kHz ton
from 2.5 to 5 kHz with a 9-kHz tone, and from 2.5 to 5
kHz with a 12-kHz tone. The TEOAE is reduced essentia
from 1.5 to 5 kHz with the addition of a 3-kHz tone, from
1.5 to 3 kHz for a 6-kHz tone, from 2 to 2.5 kHz for a 9-kH
tone, and centered around 4 kHz with a 12-kHz tone.

Figure 4 shows changes to the TEOAE in response
347 J. Acoust. Soc. Am., Vol. 104, No. 1, July 1998
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10-kHz click stimulus with the addition of a 6-, 9-, 12-, o
15-kHz tone. Enhancement of the TEOAE is seen essent
from 3 to 6 kHz with the addition of a 6-kHz tone, an
around 7 kHz for a 15-kHz tone. Note that in all cases th
is TEOAE evident above the stimulus passband. T
TEOAE is reduced from 2 to 3 kHz for a 6-kHz tone, from
to 8 kHz for a 12-kHz tone, and from 10 to 13 kHz an
possibly around 3 and 5 kHz with a 15-kHz tone. T
changes to the TEOAE in all cases are not as pronounce
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FIG. 4. TEOAEs in response to a
0–10 kHz stimulus demonstrating th
effect on the emission of adding a
;70 dB SPL 6-, 9-, 12-, or 15-kHz
pure tone. The lighter shading curv
represents the TEOAE with the add
tion of a pure tone, the dark curve
without a pure tone. Also shown is th
noise floor.
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for Figs. 1–3, with indeed very little change to the TEOA
with the addition of a 9-kHz tone.

Thus as seen in Figs. 1 and 2, changes to the TEOA
Figs. 3 and 4 are seen at frequencies remote from the p
tone suppressor, with enhancement of the TEOAE prese
a number of cases for some part of the emission spectru

In these experiments, the contralateral ear was not
cluded; measurement of the sound pressure level in the
tralateral ear of animal GP061 revealed the level to be 20
dB less than the ipsilateral ear in the range 0.3–20 k
Destruction of the ossicular chain in the contralateral ea
animal GP061 did not alter the emission measured.
physiological nature of the results presented in this st
have been verified with post mortem measurements:
magnitude of the response measured post mortem was
nificantly reduced, the responses post mortem with and w
out the suppressor tone being similar.

III. DISCUSSION

If the TEOAE truly represents a one-to-one frequen
response to component frequencies of the stimulus, the
multaneous presentation of a pure tone with a click sho
suppress those TEOAE components which are close to
pure-tone frequency. We therefore expected the TEO
spectra to be attenuated in amplitude close to the tone
quency. Instead, we found enhancement of the TEOAE s
tra at frequencies below the pure tone, with suppression
dominantly occurring in the case of tones within t
passband of the stimulus, and usually not at the frequenc
the tone. Thus the observed pattern of interference does
agree with the simple concept of local suppression of
TEOAE and is therefore at odds with existing theories
TEOAE production~Kemp and Chum, 1980; Kemp, 1986
Probstet al., 1986; Prieveet al., 1996!.

There is other evidence that the existing model
TEOAE production may be incomplete. While Prieveet al.
~1996! found that basal cochlear pathology in humans
not affect TEOAEs evoked from apical regions of the c
chlea, Avanet al. ~1993, 1995, 1997! have reported change
in low-frequency components of the TEOAE when bas
region damage was produced in guinea pigs or had b
acquired in humans. Our results are more consistent w
those of Avanet al. in that we observed changes in low
frequency components of the emission when the basal re
of the cochlea was stimulated by high-frequency tones.

We considered two possible explanations for these
sults. First, the pure tone could have ‘‘phase entrained’’ c
tain components of the response, leading to enhanceme
the spectrum due to phase locking~Neumannet al., 1997!.
This is unlikely, however, because the tone was cancelled
phase inversion on alternate presentations of the click sti
lus and so any component of the TEOAE which pha
locked to the tone would also have been removed. Sec
the tone may have modified the efficacy of transmission
the response from the site of generation back to the mid
ear. There is some evidence of an enhancement effec
electrically evoked emissions, but only for acoustic frequ
cies below or close to the characteristic frequency of
348 J. Acoust. Soc. Am., Vol. 104, No. 1, July 1998
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stimulation site~Kirk and Yates, 1996; Mountain and Hub
bard, 1989!. We are left with no reasonable explanation
terms of existing models of emissions.

We can think of only one explanation for the unexpect
effects of an interfering tone on the TEOAE. If a tone whi
stimulates only the basal region of the cochlea produces
hancement of the low-frequency energy in the emission, t
it follows that at least a part of that low-frequency ener
must have had its origin in the basal region. But the am
tude of vibration of the basilar membrane due to lo
frequency components of the click stimulus will be small
the basal turn, so it seems likely that the modified emissio
not a result of stimulation by those low-frequency comp
nents. On the other hand, it is well established that two hi
frequency tones stimulating the basal region of the coch
can produce significant amounts of intermodulation energ
much lower frequencies, so it is plausible that a broadb
stimulus might also produce, in such a nonlinear syste
quantities of intermodulation distortion. Thus we postula
that the TEOAE is actually comprised of significant quan
ties of intermodulation energy generated all along the
chlea, and that the introduction of an interferring tone su
presses local production of intermodulation energy ove
range of frequencies.

We propose that each component frequency of the c
stimulus interacts with every other component frequency
produce a range of intermodulation products. Thus each
quency in the emission may be the weighted vector sum
intermodulation products generated all along the bas
membrane; however, the predominant contribution to e
frequency component would arise from more basal regi
of the cochlea as emissions arising at sites below their o
characteristic frequency do not propagate well back to
middle ear~Kirk and Yates, 1994! due to the low-pass filter-
ing characteristics of the basilar membrane.1 A pure tone will
reduce the basilar membrane vibration at and basal of
characteristic place, thereby reducing the amplitude of in
modulation energy produced at that place. Signific
amounts of intermodulation energy at similar frequenc
will still be present due to activity at other, more apica
unsuppressed sites on the basilar membrane. The net r
would depend on the precise way in which the remain
intermodulation products sum, but any outcome presuma
is possible from suppression to enhancement. Furtherm
our proposal also provides a satisfactory explanation for
results of Avanet al. in that a reduction in mechanical vibra
tion of the basilar membrane in basal regions of the coch
will reduce the amount of intermodulation energy genera
there and so influence the spectrum of the TEOAE, eve
low emission frequencies.

The TEOAE being a composite of intermodulation d
tortion products with each frequency component having
origin in more basal regions of the cochlea provides a sa
factory explanation for the results seen in Figs. 1–4. Only
Fig. 1 with the addition of a 5- or 6-kHz tone and in Fig.
with the addition of a 3-kHz tone is there reduction in t
amplitude of the TEOAE in the region of the tone frequenc
In Fig. 1, the 6-kHz tone frequency is near the upper limit
the stimulus spectrum and so the energy present in
348R. H. Withnell and G. K. Yates: Enhancement of TEOAE
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TEOAE in this region might be dominated by more loc
contributions, since there is no stimulus energy at hig
frequencies to contribute to the emission energy in this
gion. For the 5-kHz tone in Fig. 1, the dip in the emissi
spectrum near 5 kHz would appear to be a shifting of the
present in the TEOAE without the addition of a suppres
tone rather than a localized suppressive effect. In Fig. 3 th
is widespread reduction of the TEOAE subsequent to
addition of a 3-kHz tone. In Figs. 2 and 3, enhancemen
the TEOAE is present over much of the response spect
for tone frequencies significantly above the frequency ra
of the click stimulus. At face value this may appear to su
gest a different mechanism for the enhancement of
TEOAE in comparison to that observed in Fig. 1. Howev
neural suppression tuning curves have been found to
much broader than threshold tuning curves~Schmiedt, 1982;
Prijs, 1989; Delgutte, 1990! and so tones with frequencie
considerably above the frequency range of the click stimu
presumably suppress some part of the basilar membran
sponse to the click. Figure 4 shows evidence for TEO
present outside of the stimulus passband~above 10 kHz!, this
being consistent with intermodulation distortion energy co
tributing to the TEOAE.

It remains that there exists evidence to suggest
TEOAE energy at specific frequencies is not produced ov
large extent of the cochlea~Prieveet al., 1996!, and so reso-
lution of this question must await further studies.
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1Electrically evoked otoacoustic emissions show a low-pass filtering ef
above the electrode location characteristic frequency~Mountain and Hub-
bard, 1989; Kirk and Yates, 1994, 1996!, demonstrating that emissions th
arise at a place with a characteristic frequency below the emission
quency do not propagate well back to the stapes.
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