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Abstract

Human stimulus-frequency otoacoustic emissions (SFOAEs) evoked by low-level stimuli have previously been shown to have
properties consistent with such emissions arising from a linear place-fixed reflection mechanism with SFOAE microstructure
thought to be due to a variation in the effective reflectance with position along the cochlea [Zweig and Shera, J. Acoust. Soc. Am.
98 (1995) 2018^2047]. Here we report SFOAEs in the guinea pig obtained using a nonlinear extraction paradigm from the ear-
canal recording that show amplitude and phase microstructure akin to that seen in human SFOAEs. Inverse Fourier analysis of
the SFOAE spectrum indicates that SFOAEs in the guinea pig are a stimulus level-dependent mix of OAEs arising from linear-
reflection and nonlinear-distortion mechanisms. Although the SFOAEs are dominated by OAE generated by a linear-reflection
mechanism at low and moderate stimulus levels, nonlinear distortion can dominate some part of, or all of, the emission spectrum
at high levels. Amplitude and phase microstructure in the guinea pig SFOAE is evidently a construct of (i) the complex addition of
nonlinear-distortion and linear-reflection components; (ii) variation in the effective reflectance with position along the cochlea;
and perhaps (iii) the complex addition of multiple intra-cochlear reflections.
9 2003 Elsevier B.V. All rights reserved.
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1. Introduction

When a low-level tone of constant amplitude is swept
across frequency, healthy ears manifest a ‘microstruc-
ture’ in ear-canal sound pressure level attributed to the
generation of sound by the inner ear (e.g. Zwicker and
Schloth, 1984). Such a microstructure can arise in a
number of di¡erent ways. The total ear-canal pressure
at the stimulus frequency (Pec) consists of the stimulus
pressure (Pstim) and the pressure from the stimulus-fre-
quency otoacoustic emission (SFOAE) evoked by the
stimulus (Psfe), i.e. :

Pec ¼ Pstim þ Psfe

If Pstim is held constant, then microstructure in MPecM

will arise if either the amplitude or the phase of Psfe
varies with frequency. In the former case, MPsfeM itself
manifests microstructure. In the latter, the relative
phases of Pstim and Psfe rotate with frequency, creating
an interference pattern in MPecM. In this case, the micro-
structure only appears in MPecM, not in MPsfeM.
Measurements of SFOAEs show that, in general,

both the amplitude and phase of Psfe vary with fre-
quency (e.g. Kemp and Chum, 1980; Zwicker and
Schloth, 1984; Shera and Zweig, 1993). In this paper
we explore the origin of the variation in Psfe amplitude
in the guinea pig ear. In particular, we investigate
whether the variation in SFOAE pressure (Psfe) can
be ascribed solely to a variation in the e¡ective ‘re£ec-
tion coe⁄cient’ (Zweig and Shera, 1995) or if Psfe
might, in addition, consist of two components whose
relative phases vary rapidly with frequency. According
to the modeling work of Talmadge et al. (2000), two
such components in Psfe are expected on theoretical
grounds, at least at su⁄ciently high stimulus intensities.
According to their model, Psfe at low levels is dominat-
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ed by a re£ection-source OAE that arises by linear co-
herent re£ection from pre-existing mechanical impe-
dance perturbations (‘roughness’). The phase of this
component rotates rapidly with frequency (Shera and
Guinan, 1999). At higher stimulus levels, however, non-
linearities in the mechanics can induce distortion-source
OAEs whose phase is almost constant across frequency.
If both re£ection- and distortion-source OAE compo-
nents are generated, they will interfere with one another
and create an SFOAE microstructure analogous to that
seen in distortion-product OAEs (DPOAEs; e.g., Kal-
luri and Shera, 2001).

2. Materials and methods

2.1. Animal surgery

Albino guinea pigs (300^650 g) were anesthetized
with Nembutal (30^35 mg/kg i.p.) and atropine (0.06^
0.09 mg i.p.), followed approximately 15 min later by
Hypnorm (0.1^0.15 ml i.m.). Neuroleptanaethesia was
maintained with supplemental doses of Nembutal and
Hypnorm. In a number of animals, pancuronium (0.15
ml i.m.) was administered to reduce physiological noise
associated with spontaneous muscle contractions. Guin-
ea pigs were tracheotomized and mechanically venti-
lated on Carbogen (5% CO2 in O2) with body rectal
temperature maintained at approximately 37.5‡C. The
head was positioned using a custom-made head holder
that could be rotated for access to the ear canal. Heart
rate was monitored throughout each experiment. The
bulla was opened dorso-laterally and a silver wire elec-
trode placed on the round window niche for the record-
ing and monitoring of the compound action potential.

2.2. Signal generation and data acquisition

SFOAEs were recorded with stimulus delivery and
response acquisition computer controlled using cus-
tom-software with a Card Deluxe soundcard.
Methods for stimulus delivery and response acquisi-

tion have been described previously (Withnell et al.,
1998; Withnell and Yates, 1998). Brie£y, the acoustic
stimulus was delivered by a Beyer DT48 loudspeaker
placed approximately 4 cm from the entrance to the
ear canal. Ear-canal sound pressure recordings were
made by a Sennheizer MKE 2-5 electrostatic micro-
phone ¢tted with a metal probe tube (1.2 mm long,
1.3 mm i.d., 15006 acoustic resistor) positioned in the
ear canal approximately 2 mm from the ear-canal en-
trance. The microphone and probe tube combination
was calibrated against a Bruel and Kjaer 1/8 inch mi-
crophone. The output from the probe tube microphone
was ampli¢ed 20 dB, high-pass ¢ltered (0.64 kHz, 4 pole

Butterworth) and transmitted as a balanced input to
one of the analogue input channels of the computer
sound card (total gain = 30 dB). It was subsequently
digitized in V46 or 93 ms epochs at a rate of 44.1 or
48 kHz (2048 or 4096 points for the fast Fourier trans-
form (FFT)).
The stimulus was a digitally generated tone-burst of

25, 35 or 45 ms duration with 5 ms cosine ramps, the
analogue output bu¡ered by a Tucker-Davis Technolo-
gies HB6 loudspeaker bu¡er-ampli¢er. SFOAEs were
extracted using a nonlinear extraction paradigm
(Kemp et al., 1990) from the ear-canal sound pressure
recordings made in response to a stimulus train with a
6 dB di¡erence between the lower-level (probe level)
and higher-level (reference level) stimuli (the stimulus
train consisted of two probe level and one reference
level tone-bursts). The extraction of the OAE is depen-
dent upon a nonlinear growth of the emission with in-
creasing stimulus level (Kemp et al., 1990). Previous
¢ndings in guinea pig using a suppression method
(Brass and Kemp, 1991, 1993) support this assumption
(Souter, 1995). The extraction of the emission by virtue
of its nonlinear growth does not exclude examining a
component of linear origin: an OAE of linear origin,
e.g. linear place-¢xed re£ection, can have nonlinear
growth by virtue of the compressively nonlinear growth
of the basilar membrane (Shera and Guinan, 1999). A
limitation of the nonlinear extraction technique is that
the extraction of the emission in the ideal case relies on
the amplitude of the emission evoked by the higher-
level or reference stimulus being similar in amplitude
to the emission evoked by the lower-level stimulus, i.e.
the emission amplitude is at its maximum value or it
has saturated. If the emission amplitude is still growing,
then the reference stimulus will evoke an emission larg-
er in amplitude than that evoked by the lower-level
stimulus, and the subsequently derived emission will
be underestimated.
SFOAEs were obtained within the frequency range

1^19 kHz, with frequency increments of 86 Hz or 172
Hz. SFOAEs were also examined versus stimulus-inten-
sity level over a frequency range of about 3 kHz. The
noise £oor for SFOAE recordings was calculated as the
mean of amplitude densities from U500 to 1000 Hz
from the stimulus frequency.
Measurements in a cavity suggested that intermodu-

lation distortion produced by harmonics of the stimulus
tone at the SFOAE frequency was more than 20 dB
below the level of the measured OAE for the highest
level of stimulus used in this study.

2.3. Data analysis

The components of the SFOAE were extracted from
the SFOAE complex amplitude spectrum using Fourier
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analysis, the SFOAE complex amplitude data win-
dowed using a moving-average Hanning window prior
to Fourier analysis. This method of data analysis has
been described previously (see Withnell et al., 2003). In
brief :
If D(f) is the complex amplitude data set for all fre-

quencies between a and b with a step-size between fre-
quencies of v, and s is the sampling rate, then:

Gðf Þ ¼ Dðf Þ for a9f9b
0 for 3s=29f6a or b6f9s=2

�

i.e. the data set has been zero-bu¡ered. G(f) was then
multiplied by a moving Hanning window with an in-
verse FFT (IFFT) calculated on each windowed data
set, i.e. :

HdðtÞ ¼
P

Gðf ÞWhdðf Þe2Zift

where:

hdðf Þ ¼
0:530:5cosð½2Zðf3pþ kv Þ�=ðkv ÞÞ

for ½3s=2þ ðp3kv Þ�9f9½3s=2þ p�
0 otherwise

2
4

and p= [(d+1)/2]kv, d=1,2,3,T,[(2s/(kv))31] for a win-
dow of size kv.
Time-domain windowing to separate components

with disparate phase behaviors manifesting as tempo-
rally discrete responses in the IFFT was performed us-
ing a recursive exponential ¢lter developed by Shera
and Zweig (see Kalluri and Shera, 2001, Shera and
Zweig, 1993), i.e. :

SFOAE short-latency component ¼ HdðtÞWFðtÞ

where F(t) = 1/yn(d/dcut), where dcut is the length of the
window and yn(d) is de¢ned recursively as:

y nþ1ðd Þ ¼ ey nðd Þ31; with y nðd Þ ¼ ed
2

dcut varied in value over the range of windowed data
sets within a given data set subjected to Fourier analy-
sis. dcut was chosen with the goal of minimizing the
phase rotation of the extracted short-latency compo-
nent. Note that we set Shera and Zweig’s scale factor
equal to 1:

IFFT time-domain waveform ¼ MHdðtÞWFðtÞM

SFOAE long-latency component ¼ HdðtÞ3HdðtÞWFðtÞ

3. Results

Fig. 1 shows three examples of SFOAE amplitude

and phase microstructure recorded from three di¡erent
animals. The phase in each of the panels shows steps or
a change in slope at frequencies corresponding to am-
plitude minima. This type of phase pattern is consistent
with an OAE arising from an interaction between two
components, one of which has a phase that varies rap-
idly with respect to the other (Talmadge et al., 1999).
However, a similar phase pattern can also arise without
such an interaction between two components, being due
to a variation in e¡ective re£ectance with position along
the cochlea (Zweig and Shera, 1995). Fig. 2 shows sim-
ilar SFOAE microstructure in data from a human
subject (from ¢gure 9 of Shera and Guinan, 1999).
Although the data are limited, in neither species do
the frequency spacings between adjacent amplitude
minima show any regular dependence on emission fre-
quency. Although attributing microstructure entirely to
one cause is probably an oversimpli¢cation, we note
that these data di¡er from the predictions of the sim-
plest two-component model, in which a regular inter-
ference pattern is created through the interaction of two
components whose relative phases vary uniformly with
frequency.
Fourier analysis of the data in Figs. 1 and 2 allows

further exploration of the origin(s) of SFOAE ampli-
tude and phase microstructure.

3.1. IFFT analysis

IFFT analysis and time-domain windowing provides
for the separation of components of an OAE that have
phase properties that translate into components that are
separable in time. Using a sweep-frequency paradigm, a
component that arises from a wave-¢xed mechanism
will have negligible phase rotation and will appear in
the IFFT time-domain waveform as the response at and
soon after time zero. Violations of scaling symme-
try1will produce greater phase rotation for a wave-¢xed
or nonlinear-distortion component, resulting in this
component appearing at some time after time zero.
Time-domain windowing of the IFFT of Hanning-win-
dowed subsets of the complex amplitude data set ^ with
a cut-o¡ value for the window (the recursive exponen-
tial ¢lter) chosen to minimize the phase rotation of the
short-latency component ^ separates the short-latency
component from the long-latency component/s. The
place-¢xed component of an OAE is thought to arise
from re£ection from impedance inhomogeneities ¢xed
in position on the basilar membrane; it has a phase that
rotates rapidly with frequency, the phase-gradient being
an estimate of the group delay for this component (Kal-

1 For example, due to place-¢xed impedance inhomogeneities along
the basilar membrane.
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luri and Shera, 2001). This place-¢xed component will
appear as long-latency components or later peaks in the
IFFT time-domain waveform. Previous SFOAE mea-
surements in guinea pig at stimulus levels of 40 dB
SPL and below suggest that this OAE arises as a result
of a linear coherent re£ection mechanism (Shera and
Guinan, 2003).
Separation of components based on their temporal

properties into a short- and a long-latency component
using Fourier analysis and time-domain windowing of
the SFOAE from one of the animals in Fig. 1 is shown
in Fig. 3. The characteristic of an OAE comprised of
two components arising from di¡erent mechanisms is

that one of the components has a phase that is approx-
imately constant versus frequency (4 radians over 2.3
octaves) and is consistent with a component arising
from a nonlinear-distortion mechanism, while the other
component has a phase that varies 44 radians over 2.3
octaves, consistent with a component arising from a
place-¢xed mechanism. The slowly varying phase or
short-latency component has a magnitude that, for
this animal, is typically less than the magnitude of the
long-latency component, being greater in amplitude
than the long-latency component only from 7700 to
9600 Hz. Consistent with the slowly varying phase com-
ponent dominating the OAE over this frequency range,
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Fig. 1. Three examples of SFOAE amplitude and phase microstructure recorded from three di¡erent animals. Note that the phase in each of
the ¢gures shows a step or change in slope corresponding to amplitude minima, such features being consistent with two components, one of
which has a phase that varies rapidly with respect to the other. Stimulus probe levels were 74, 80 and 73 dB pSPL, respectively.
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the slope of the phase of the SFOAE is less from 7700
to 9600 Hz than below 7700 Hz. Fig. 4 shows the in-
dividual IFFT time-domain waveforms (i.e. the magni-
tude of the IFFTs) corresponding to the data of Fig. 3.
IFFTs were obtained with Hanning windows approxi-
mately 2060 Hz wide. A frequency spacing of 172 Hz
between data points for this particular data set limits
the time-domain measurement to 2.9 ms. There is no

evidence in any of the panels of more than one re£ec-
tion, i.e. no later intra-cochlear re£ections. The absence
of any signi¢cant later re£ection components in the
IFFT time-domain waveforms argues for the micro-
structure for the long-latency component in Fig. 3 to
arise from a variation in the e¡ective re£ectance with
position along the cochlea.
Fig. 5 shows the corresponding IFFT time-domain
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Fig. 2. SFOAE amplitude and phase recorded from a human subject in response to a 40 dB SPL stimulus (55 dB SPL suppressor) using a var-
iant of the suppression paradigm of Brass and Kemp. Data courtesy of Shera and Guinan (1999, ¢gure 9). The phase appears to be a smoothly
rotating function of frequency, i.e. microstructure is present but it is small relative to the rate of rotation of the phase.
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Fig. 3. Amplitude and phase of an SFOAE and the two components that comprise the SFOAE extracted using IFFT analysis and time-domain
windowing. Stimulus probe level was 80 dB pSPL. The characteristic of an OAE comprised of two components arising from di¡erent mecha-
nisms is that the phase of one component is approximately constant versus frequency while the other component has a phase that varies rap-
idly versus frequency.
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waveforms for the human data of Fig. 2. IFFTs were
obtained with Hanning windows 390 Hz wide. Thirty-
three IFFT time-domain waveforms were obtained
from data over the frequency range 893^7148 Hz,

shown in four panels in Fig. 5. Most of these time-
domain waveforms have only a single peak correspond-
ing to one re£ection component. In four cases there is
evidence of a second re£ection component (thickened
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Fig. 4. Individual IFFT time-domain waveforms corresponding to the data of Fig. 3. There is no evidence in any of the panels of more than
one re£ection, i.e. no later intra-cochlear re£ections.

Fig. 5. IFFT time-domain waveforms corresponding to the human data of Fig. 2. Thirty-three IFFT time-domain waveforms were obtained
from data over the frequency range 893^7148 Hz. Most of these time-domain waveforms have only a single peak corresponding to one re£ec-
tion component. In four cases, the IFFT time-domain waveform has two peaks, these corresponding to IFFTs calculated over the frequency re-
gions 893^1283 Hz, 1478^1868 Hz, 3038^3428 Hz, and 4793^5183 Hz.
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curves), but the fact that in most waveforms there are
no later re£ections strongly suggests that, as for the
long-latency component of Fig. 3a, the SFOAE ampli-
tude microstructure of Fig. 2 is predominantly due to a
variation in the e¡ective re£ectance with position along
the cochlea.

3.2. Stimulus-intensity e¡ects

Fig. 6 shows an example of SFOAE amplitude and
phase versus frequency obtained over a range of stim-
ulus levels from a guinea pig. SFOAE amplitude micro-
structure is evident at all stimulus levels but such a
microstructure varies in a manner that is stimulus lev-
el-dependent. At probe levels of 62 and 68 dB pSPL,
the amplitude microstructure appears less than that ob-
tained at higher levels; the response for 62 dB pSPL,
for instance, has only one pronounced amplitude mini-
mum at 3460 Hz while the response to the 80 dB pSPL
stimulus has three pronounced amplitude minima. At
86 dB pSPL, amplitude microstructure appears reduced
relative to the 74 and 80 dB pSPL responses. The phase
responses show microstructure consistent with ampli-
tude measurements, phase transitions (steps or changes
in the slope of the phase) occurring in the frequency

regions of the amplitude minima. At 86 dB pSPL the
emission phase rotates 6 radians over 3 kHz while at 62
dB pSPL it rotates 23 radians over the same frequency
range. This variation in the amount of phase accumu-
lation is consistent with two components with disparate
phase properties contributing to the OAE and a shift in
the relative contributions of the two components.
Using IFFT analysis and time-domain windowing,

the SFOAEs of Fig. 6 are separated into short- and
long-latency components in Fig. 7. At the highest stim-
ulus level, the SFOAE is dominated by the short-la-
tency component or component with slowly rotating
phase; at lower stimulus levels the SFOAE appears to
be dominated by a component with rapidly rotating
phase, i.e. arising from a place-¢xed re£ection mecha-
nism. The amplitude microstructure of the SFOAE
evoked by stimulus levels of 62^80 dB pSPL is similar
to, but not exactly the same as, the long-latency com-
ponent. That is, the short-latency component arising
from a nonlinear-distortion mechanism appears to con-
tribute to SFOAE amplitude microstructure at these
stimulus levels. The OAE component attributed to arise
from a linear place-¢xed re£ection mechanism at the
highest stimulus level has a di¡erent pattern to that
observed at lower stimulus levels ; perhaps this suggests
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Fig. 6. SFOAE amplitude (panel a) and phase (panel b) versus frequency obtained over a range of stimulus levels from a guinea pig. Ampli-
tude microstructure is present but such a microstructure varies with stimulus level. The phase response to the highest level stimulus has a shal-
lower slope than that obtained at lower stimulus levels (see text for further discussion). The S/N ranged from 11 to 60 dB.
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a stimulus level-dependent limitation to the application
of the theory of linear coherent re£ection.
Examination of the slope of the phase of the long-

latency component versus stimulus level suggests no

systematic level-dependent change in group delay as
might be expected given a broadening of the traveling
wave envelope with increasing stimulus level (Zweig and
Shera, 1995). One possible explanation for this perhaps

Fig. 7. Amplitude and phase of SFOAEs at each of ¢ve stimulus levels (data of Fig. 3) and the two components of each SFOAE extracted us-
ing IFFT analysis and time-domain windowing. At the highest stimulus level, the SFOAE is dominated by a component with slowly rotating
phase, presumably nonlinear distortion; at lower stimulus levels it appears to be dominated by a component arising from a re£ection mecha-
nism. In each case, there are two components present, one having a slowly rotating phase, the other a rapidly rotating phase.
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counter-intuitive ¢nding is that at higher stimulus levels
the coherence provided by spatial tuning may be af-
fected. With increasing stimulus level, the peak of the
traveling wave broadens resulting in:
1. a larger distribution of irregularities being encom-
passed within this peak region, complicating the
sum of the scattered wavelets re£ected from the in-
dividual irregularities;

2. the wavelength of the traveling wave may vary more
over the region of scattering than it does at lower
stimulus levels, where the peak of the traveling wave
is more spatially con¢ned.

3.3. Multiple intra-cochlear re£ections

Standing waves in the cochlea produced by re£ection
between the stapes footplate and the region of origin in
the cochlea of the OAE generate an OAE measured in
the ear canal that is a composite of these standing
waves or intra-cochlear re£ections, resulting in an am-
plitude and phase microstructure (Dhar et al., 2002).
We examine this for one animal in Fig. 8. Fig. 8 (top
panel) shows the amplitude density spectrum of the
total re£ection component and has horizontal bars to
show the regions over which IFFTs were calculated.
There is a suggestion in the IFFT time-domain wave-
forms of panel b of two re£ection peaks in one of the
IFFT time-domain waveforms. Such later peaks, if they

do indeed represent later intra-cochlear re£ections,
would alter OAE microstructure (Dhar et al., 2002).
While such later peaks are often seen in IFFT time-
domain waveforms from human OAEs (e.g. Shera
and Zweig, 1993), our data are equivocal and it may
be that multiple intra-cochlear re£ections are not com-
monly present in guinea pig OAEs.

4. Discussion

OAEs are believed to arise from two distinct generat-
ing mechanisms, a linear place-¢xed re£ection mecha-
nism and a nonlinear wave-related distortion mecha-
nism, both mechanisms being dependent on the action
of the cochlear ampli¢er for the production of detect-
able OAEs (Shera and Guinan, 1999). A linear place-
¢xed re£ection mechanism is thought to involve the
forward traveling wave being re£ected from spatially
random inhomogeneities or impedance discontinuities
distributed along the cochlear partition (Zweig and
Shera, 1995; Talmadge et al., 1998; Shera, 2003).
Such a mechanism is presumed to be dominant at low
stimulus levels (see Zweig and Shera, 1995). The OAE
arising out of a nonlinear wave-related distortion mech-
anism is presumably predominantly energy propagating
out to the ear canal as a result of forces associated with
outer hair cell electromechanical transduction coupling

Fig. 8. Amplitude density spectrum for the re£ection component of the SFOAE in response to a 74 dB pSPL stimulus from GP0251 and the
corresponding IFFT time-domain waveforms. Later intra-cochlear re£ections may be suggested in one of the IFFT time-domain waveforms but
such interpretation is equivocal.

HEARES 4732 4-9-03 Cyaan Magenta Geel Zwart

S.S. Goodman et al. /Hearing Research 183 (2003) 7^17 15



into the cochlear £uids via the basilar membrane,
although a nonlinear-re£ection mechanism has also
been posited (Talmadge et al., 2000).
DPOAEs in humans have been shown to arise from

the complex interaction of components coming from
two di¡erent locations on the basilar membrane (Heit-
mann et al., 1998), with di¡erent generating mecha-
nisms dominating the production of each component
(Talmadge et al., 1999; Kalluri and Shera, 2001). A
consequence of DPOAEs arising from multiple compo-
nents with di¡erent phase behaviors is that DPOAEs
show amplitude and phase microstructure versus fre-
quency. SFOAEs from humans have also been shown
to demonstrate amplitude and phase microstructure
(Shera and Guinan, 1999); however, in this case the
microstructure was attributed to a variation in the ef-
fective re£ectance with position along the cochlea and
not an interaction between multiple components with
di¡erent phase slopes.
In the guinea pig, SFOAE microstructure appears to

be a composite of two and perhaps three di¡erent con-
tributions:
1. the complex addition of two components with di¡er-
ing phase properties, i.e. as is seen with DPOAEs,
recording the OAE versus frequency for a constant
stimulus level produces a component with a slowly
rotating phase2and a component with a rapidly ro-
tating phase, i.e. two components arising from di¡er-
ent generating mechanisms,

2. a variation in the e¡ective re£ectance with position
along the cochlea, and perhaps

3. the complex addition of multiple intra-cochlear re-
£ections
At most stimulus levels, the component arising from

a linear-re£ection mechanism dominates the ear-canal
recorded OAE, the contribution from each of the mech-
anisms being level-dependent. However, at su⁄ciently
high stimulus levels (e.g. 86 dB pSPL in Fig. 7) the
short-latency component presumably arising from a
nonlinear-distortion mechanism can dominate the re-
corded OAE.
Although our sample size is relatively small, multiple

intra-cochlear re£ections seem to be less evident in
guinea pig OAEs than human OAEs. Such later re£ec-
tions could contribute to amplitude and phase micro-
structure, although unequivocal evidence for such a
contribution is lacking. Indeed, the absence of multiple
intra-cochlear re£ections and the fact that the guinea
pig cochlea seldom has SOAEs may suggest that the
impedance mismatch between the cochlea and middle
ear is smaller in guinea pig than it is in humans and/or

that there is less irregularity in the guinea pig cochlea
contributing to re£ection-source OAEs.
A caveat to the interpretation of the origin of the

SFOAE in guinea pig is that a harmonic mechanism
(Fahey et al., 2000), whereby intermodulation dis-
tortion at the SFOAE frequency is produced by the
nonlinear interaction on the basilar membrane of the
second and third harmonics of the stimulus tone
(producing a quadratic di¡erence tone) and/or harmon-
ics generated within the cochlea, may contribute to the
ear-canal recorded SFOAE, especially at higher stimu-
lus levels. This component, if present, may have both
wave and place-¢xed components. Stimulus-related har-
monic distortion was at least 45 dB below the stimulus
tone and so any intermodulation distortion OAE that
could arise is unlikely to contribute signi¢cantly to the
SFOAE. Harmonics generated within the cochlea could
conceivably produce a quadratic di¡erence tone at the
SFOAE frequency; further research is necessary to
evaluate what contribution, if any, such a mechanism
might make.
One might infer from the ¢ndings of this paper that

SFOAE microstructure is more complex than DPOAE
microstructure. However, Kalluri and Shera (2001)
have shown the equivalence between the DPOAE com-
ponent arising from the DP place and the correspond-
ing SFOAE (at least in humans at low to moderate
sound levels and an f2/f1 of approximately 1.2). Based
on this, we infer that the DPOAE component from the
DP place will, in principle, have the same properties as
that observed here for the SFOAE, such complexity not
being apparent due to the level-dependent nature of the
contributions of the various components.
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