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As a result of the cochlea’s nonlinear mechanics, stimulation by two tones results in the generation
of distortion products �DPs� at frequencies flanking the primary tones. DPs are measurable in the ear
canal as oto-acoustic emissions, and are used to noninvasively explore cochlear mechanics and
diagnose hearing loss. Theories of DP emissions generally include both forward and reverse
cochlear traveling waves. However, a recent experiment failed to detect the reverse-traveling wave
and concluded that the dominant emission path was directly through the fluid as a compression
pressure �Ren, 2004, Nat. Neurosc. 7, 333–334�. To explore this further, we measured intracochlear
DPs simultaneously with emissions over a wide frequency range, both close to and remote from the
basilar membrane. Our results support the existence of the reverse-traveling wave: �1� They show
spatial variation in DPs that is at odds with a compression pressure. �2� Although they confirm a
forward-traveling character of intraocochlear DPs in a broad frequency region of the best frequency,
this behavior does not refute the existence of reverse-traveling waves. �3� Finally, the results show
that, in cases in which it can be expected, the DP emission is delayed relative to the DP in a way
that supports reverse-traveling-wave theory. © 2008 Acoustical Society of America.
�DOI: 10.1121/1.2816566�

PACS number�s�: 43.64.Kc, 43.64.Jb, 43.64.Bt �BLM� Pages: 222–240
I. INTRODUCTION

The discovery of oto-acoustic emissions was exciting
because emissions are generated within the cochlea and de-
tected within the ear canal �EC�, thus providing a noninva-
sive view into cochlear mechanics �Kemp, 1978�. However,
the mechanism by which the emissions are transported out
through the cochlea is not certain. The usual view was that a
reverse-traveling wave was the dominant pressure mode, but
recent results were interpreted as favoring a compression
mode �Ren, 2004; He et al., 2007�. The present paper pre-
sents a comprehensive investigation, from cochlear mechan-
ics to emissions, bearing on this question. The introduction
below provides a background to cochlear pressure modes
and reviews aspects of emission theory that are useful for the
interpretation of our results.

Sound at the eardrum is transmitted via the middle ear to
the auditory inner ear, the cochlea. Within the cochlea, the
sound is carried along the cochlea’s sensory tissue �organ of
Corti� by a wave, known as the cochlear traveling wave �von
Bekesy, 1960�. The wave is supported by sensory tissue flex-
ibility and fluid inertia and travels much slower than sound
travels in water. It peaks at frequency-specific locations: low
frequencies in the apex, high frequencies in the base. By
measuring the mechanical response at one longitudinal loca-
tion �Fig. 1�A�� and varying the frequency, the location’s
peak or “best” frequency �BF� is identified �Fig. 1�B��. In a
healthy cochlea at frequencies close to the BF the amplitude
of the cochlear traveling wave is enhanced by active outer
hair cell forces, which show saturating nonlinearity �Fig.
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1�B�� �Robles and Ruggero, 2001; Cooper, 2003�. The sig-
nature of the wave is found in the phase of the response to
tonal stimuli, which can be delayed by several cycles relative
to the input in the ear canal �Fig. 1�C��. The phase versus
frequency slope is termed the “group delay.” In the intraco-
chlear response, the group delay is large at frequencies close
to the BF, reflecting the slow speed of the wave there. In
passive cochlear models the slowing of the wave is related to
its peaking, via conservation of energy �Lighthill, 1981�.
Species differences in the size of the group delay have been
correlated with sharpness of frequency tuning �Shera et al.,
2002; Shera and Guinan, 2003; Ruggero and Temchin,
2007�. Thus, the group delay is an interesting auditory met-
ric.

In addition to launching the cochlear traveling wave
along the sensory tissue, the vibration of the stapes com-
presses the cochlear fluid, causing a compression �sound-
wave� pressure that exists along with the traveling-wave
pressure. The compression pressure increases linearly with
the intensity of stapes motion. The compression pressure
mode was predicted theoretically by Peterson and Bogert
�1950�. It fills the cochlea approximately instantaneously
�travels at the speed of sound in water� and can be roughly
thought of as a background pressure that varies in time with
the plunging motion of the stapes. �At high frequencies,
standing-wave resonances are expected for this mode. Al-
though interesting in its own right, this aspect of the com-
pression pressure is not important for the present analysis.�
The compression pressure is often called the cochlear “fast
wave,” as opposed to the slow cochlear traveling wave. The
experimentally measured spatial variation of intracochlear

pressure supports the idea that the pressure is composed of
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the sum of a traveling-wave mode and a compression mode
�Olson, 1998, 1999, 2001, Dong and Olson, 2005b�. Close to
the BM and at frequencies near the local BF, rapid spatial
pressure variations are present, evincing the fluid accelera-
tions of the cochlear traveling wave. Such pressure variations
were predicted in the 1970s by traveling-wave models
�Steele and Taber, 1979a�. At frequencies well above BF
�where BM motion is very small�, or far from the BM, the
pressure is still large but is nearly spatially invariant, reflect-
ing the lack of fluid acceleration and the dominance of the
compression mode in this frequency region. �This behavior is
shown, for example, in Fig. 4 of Dong and Olson �2005b�;
Fig. 10 of Olson �1998�; Fig. 2 of Olson �1999�; and Figs. 7
and 9 of Olson �2001��. In Figs. 1�B� and 1�C� of the present
paper, the compression pressure region is identified by its
linearity and relatively flat phase response �gray band�. The
destructive summation of the compression and traveling-
wave modes produces notches in the pressure �arrowheads in
Figs. 1�B� and 1�C��. Because it can be mathematically un-
coupled from the traveling-wave pressure and is not ex-
pected to lead to hair cell excitation �due to the very small
motions it gives rise to�, the compression pressure has been
neglected in most cochlear models.

The cochlea’s nonlinear mechanics produce distortion.
For example, when two pure tones are used as stimulus, the
response of a healthy cochlea contains a family of tones at
frequencies corresponding to algebraic combinations of the
input frequencies, termed “distortion products” �DPs�. After
being generated, a DP might travel apically to its own BF
place, as demonstrated in both perceptual studies and intra-
cochlear measurements �Goldstein, 1967; Robles et al.,
1997�. The DPs also emerge from the cochlea, travel through
the middle ear, and are detected in the EC as a DP oto-
acoustic emission �DPOAE� �Kemp, 1978�. DPOAEs exhibit
characteristic behavior: the amplitude contains frequency-

FIG. 1. Illustration of intracochlear pressure measurements and single tone r
in scala tympani �ST�, close to or far from the sensory tissue’s BM in the bas
are the cochlear inner and outer hair cells, the mechanotransducers of auditi
turn one of the gerbil cochlea �wg81, 20 �m from BM, BF=21 kHz�. �B� A
pressure in the EC. Significant aspects of cochlear mechanics are: �1� Cochl
of the peak �15–25 kHz�. 30 dB SPL responses showed a sharp peak at the
peak shifted toward lower frequency. �2� Traveling wave: the phase of the re
ear canal. The phase changed most rapidly at frequencies around the BF. �3
frequency, which indicates that the fast wave dominated the responses. Th
linearly with SPL �gray band�. �4� Interference between traveling and com
corresponds to a region in which the phase jumps with level �arrowheads�.
and level-dependent notches �“fine structure”� and the
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DPOAE phase versus frequency can be either nearly flat or
rapidly varying as the frequency of the primaries is swept at
a constant ratio.

Based on these and other observations, the analysis of
cochlear emissions has relied on a “dual-component” theory.
The conceptual framework for the theory and the quantita-
tive description that builds upon it are based on cochlear
wave mechanics, in which both forward and reverse cochlear
traveling waves are present �Kemp, 1986; Zweig and Shera,
1995; Talmadge et al., 1998; Shera and Guinan, 1999�. The
theory predicts that after being generated by nonlinear outer
hair cell forces, a DP will travel as a cochlear traveling wave
in reverse to emerge as a DPOAE �as a “generator” or
“wave-fixed” component�. In a scaling-symmetric cochlea
the amount of phase accumulation to the generation place
�where f2 and f1 have substantial overlap� is approximately
unchanged as the primary frequencies are swept �at a fixed
ratio�. Therefore the phase of the generator component of the
DPOAE is not expected to change with frequency when f1

and f2 are swept at fixed ratio �Shera et al., 2000�. In addi-
tion, irregularities in the cochlea’s sensory tissue will give
rise to reflections of the DP. The largest reflector contribu-
tions will come from close to the DP’s BF place, where the
DP will be large due to cochlear filtering and amplification.
The reflected wave will contribute to the DPOAE �as a “re-
flector” or “place-fixed” component�. In the dual-component
theory, amplitude fine structure is due to interference be-
tween the generator and reflector components �e.g., Stover et
al., 1996; Talmadge et al., 1999; Kalluri and Shera, 2001�.
Because the phase of a single tone changes rapidly in the
region of its own BF place, the phase of the reflector com-
ponent of the DPOAE changes rapidly with frequency. In
this description, the slope of the phase-frequency response
�group delay� of the reflector component at a given fre-
quency is expected to be roughly twice the group delay of a

se characteristics close to the BM. �A� Intracochlear pressure was measured
n of the gerbil cochlea. The pressure sensor is shown to scale. Also indicated

� and �C� Single-tone ST pressure responses measured close to the BM in
itude normalized by the stimulus level in the EC. �C� Phase relative to the
onlinearity: the normalized response curves fan out in the frequency region
f 21 kHz �dotted line�, the 80 dB responses showed broader tuning with the
e accumulated three complete cycles of delay relative to the stimulus in the
pression wave: at frequencies above 24 kHz, the phase changed little with
litude in this frequency region was well above the noise floor and scaled

sion waves: the deep notch at 24 kHz with stimuli of 70 and 80 dB SPL
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that frequency. The dual-component theory, and the separa-
tion of the observed emissions into reflector and generator
emission types, was found to provide a useful framework for
the interpretation of some of our results. This separation is
aided by the fixed-ratio stimulus paradigm �as opposed to
fixed f1 or fixed f2� �Knight and Kemp, 2000; Shera et al.,
2000; Kalluri and Shera, 2001; Knight and Kemp, 2001� and
therefore we use this paradigm most extensively.

In order to use emissions to study the cochlea we must
first understand if and how they are shaped as they travel out
through the middle ear. The study of Avan et al. �1998� re-
lated DPs measured close to the stapes to DPOAEs to quan-
tify middle-ear reverse transmission in the guinea pig. Simi-
larly, Dong and Olson �2006� compared intracochlear DPs
close to the stapes to DPOAEs to quantify middle-ear reverse
transmission in the gerbil. The main result of that study,
which will be required for the present study �also in the
gerbil�, was that the middle ear did not introduce very much
structure into the emissions but, like forward transmission
�Olson, 1998�, had a fairly flat transfer function at a level of
�−40 dB �compared to the �+25 dB forward gain of the
middle ear� and a phase that was delaylike with a delay of
�38 �s �slightly longer than the �32 �s forward delay�.
The delaylike character of middle-ear transmission both in
the forward and reverse directions is a robust finding; inter-
animal variability in delay time was small and could be at-
tributed to the location of the microphone probe tube within
the EC. Superimposed on this simple description, fine struc-
ture in the reverse transfer function was present at the
�5–10 dB level in the amplitude, and at the �20° –30°
level in phase and appeared to be linked to the acoustic load
of the speaker and microphone system. Scala Vestibuli �SV�
pressure was not measured in the present study. Therefore,
the average middle ear forward and reverse phase responses
from Dong and Olson �2006� are presented in many of the
figures in order to illustrate the contribution of the middle ear
to the observed phase behavior.

There have been just a handful of joint DP and DPOAE
measurements that were designed to probe the intracochlear
travel of DPs. Cooper and Shera �2004� compared DPOAE
and DP phase-frequency responses measured in the same
guinea pig �sequentially in time�, and showed that the results
were consistent with the reverse-traveling wave: the phase-
frequency slope �group delay� of the DPOAE at frequencies
close to the BF of the intracochlear measurement location
was approximately twice the group delay of a BF tone, mea-
sured within the cochlea. This result indicated that the travel
time out of the cochlea was similar to the travel time in.
Another emission type �stimulus frequency emission� was
also measured and led to the same conclusion. In addition,
the study showed that the amplitude of the DP response in
BM motion was tuned in frequency but that at frequencies
below the BF it contained amplitude notches not present in
the tuning of the primaries. This behavior was also observed
in our previous DP studies �Dong and Olson, 2005b, a; Olson
and Dong, 2006�. The behavior is predicted due to destruc-

tive interference between locally or basally generated distor-
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tion and apically generated distortion, traveling out of the
cochlea through the base. These results supported the exis-
tence of reverse-traveling waves.

However, the results of some intracochlear measure-
ments call into question the existence of the reverse-traveling
wave. Measurements of BM motion that extended for
�1 mm in the longitudinal direction were used to look for
the reverse-going wave �Ren, 2004; He et al., 2007�. DP
cochlear traveling waves were detected, but their spatial–
temporal character indicated that they were traveling in the
forward direction. Moreover, the delay calculated with the
phase-frequency slope of the DPs measured at the stapes �a
proxy for the DPOAEs� was shorter than that of the DP on
the BM. The interpretation of those results was that the DP
traveled out of the cochlea to the stapes directly through the
cochlear fluid as a �fast� compression pressure, and stapes
excitation by the DP launched a forward-traveling wave. The
possibility for a role of compression pressure in emissions is
supported by the presence of emissions in animals such as
frogs that lack a clear traveling wave �Wilson, 1980; van
Dijk and Manley, 2001; Ruggero, 2004�. However, in the
mammalian cochlea the basic mechanics for reverse cochlear
traveling waves is the same as for forward waves �flexible
sensory tissue coupled to fluid inertia� and it is reasonable to
expect that in mammals DPs would primarily travel out as a
reverse wave—unless something about the sensory tissue’s
cellular architecture suppresses reverse waves. For sure, the
fact that an experiment designed to directly observe a reverse
cochlear traveling wave �Ren, 2004; He et al., 2007� failed to
do so has reinvigorated the compression DP theory.

The manner in which distortion products, and emissions
in general, emerge from the cochlea is important for two
prominent reasons. First, basic models of cochlear mechanics
allow reverse waves, and their absence �or very small size�
would point to a directional advantage for forward-going
waves. This restriction would constrain cochlear models.
Second, as noted above, cochlear group delays have been
correlated with tuning. If emission phases are used to gauge
intracochlear group delays it is important to know if the
phase accumulation that is used in the group delay calcula-
tion reflects forward and reverse travel, or just forward
travel. In this contribution we weigh in on the reverse wave/
compression wave question. We simultaneously measured in-
tracochlear pressure DPs both close to and far from the BM
and DPOAEs. We first describe relevant aspects of the
DPOAE and DP frequency responses individually. Then we
relate the DPOAEs to the DPs to explore their relationship to
one another. In particular, we explore their relative phase
behaviors as this can be examined for a reverse-traveling-
wave character.

II. METHODS

A. Animal preparation

The gerbil audiogram extends to �50 kHz �Ryan, 1976�
and the BF of our intracochlear location was �20 kHz. Ani-
mal procedures were approved by the Institutional Animal
Care and Use Committee of Columbia University. The ex-

perimental animals were young adults, 50–70 g. The gerbils
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were deeply anesthetized throughout the experiment and eu-
thanized at the end. �Forty milligrams per kilogram ketamine
was administered first to sedate the animal, then an initial
dose of 60 mg /kg sodium pentobarbital, with supplemental
doses of 10 mg /kg for maintenance of deep anesthesia.
Twenty mg/kg of the analgesic buprenorphine was adminis-
tered every 6 h. At the end of the experiment the animal was
overdosed with sodium pentobarbital.� A tracheotomy was
performed to maintain a patent airway. The animal core tem-
perature and head holder were maintained at �37 °C with a
heating blanket and a power resistor on the head holder. The
left bulla was widely opened with great care to access the
cochlea. A small hole �diameter �200 �m� was hand drilled
through the bony wall in the basal-turn scala tympani �ST�.
To gauge cochlear health, the compound action potential
�CAP� thresholds and DPOAE were recorded with a silver
electrode at the round window and EC several times during
the experiment, in particular before and after making the ST
hole.

B. Sound stimulation and data acquisition

The ear was acoustically stimulated via a single Radio
Shack 40-1377 tweeter coupled to the ear canal in a closed-
system configuration. Acoustic stimuli were generated and
collected digitally using Tucker Davis Technologies System
3. One- and two-tone stimuli were used in the experiments.
The single tone was swept from 0.2 to 50 kHz with fre-
quency spacing of 500–1000 Hz, at stimulus levels from 40
to 90 dB SPL. For two-tone stimuli, two equal-intensity pri-
mary tones were delivered at a fixed f2 : f1 ratio, 1.05 or 1.25,
and f1 and f2 were swept in frequency with an f2 frequency
spacing of 100–400 Hz or f2 was fixed at BF and the f2 : f1

ratio was varied by sweeping f1. Frequency sweeps were
useful because the responses could be examined for tuning
and for a traveling-wave-like phase. For the constant f2 : f1

ratio paradigm, the overlapping pattern of the responses to
the primaries was maintained approximately constant and
simply moved longitudinally along the organ of Corti as the
stimulus frequencies were swept, as described and motivated
in Sec. I.

The sound pressure level was calibrated in the EC within
3 mm of the tympanic membrane using a Bruel & Kjaer
probe-tube microphone system �Sokolich, 1977�. The
frequency-dependent transfer function of the probe tube was
accounted for when setting the sound pressure level and ana-
lyzing the data. This microphone also served as the receiver
of otoacoustic emission pressure, as described previously
�Dong and Olson, 2006�. Data acquisition times were either
0.4 or 1 s for individual stimulus sets. The longer time was
used with some of the low level stimuli to increase the
signal-to-noise ratio. The noise level indicated in the figures
was determined by taking the average of the microphone
voltage spectra recorded during data collection, after remov-
ing the prominent peaks at primary and 2f1− f2 and 2f2− f1

DP frequencies. The source of noise is photon shot noise in
the case of the sensor, and electronic noise in the case of the
probe microphone system, and both are flat in frequency. The

voltage noise was converted to equivalent pressure noise us-
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ing sensor and microphone voltage-to-pressure conversions.
The microphone conversion is not flat with frequency, and so
the noise level of the microphone expressed in pressure ex-
hibits mild frequency structure. With 1 s data acquisition
time its noise level was �5–10 dB SPL up to 30 kHz, and
slightly higher at higher frequencies. In order to measure the
DPOAE over a wide frequency range with equal-intensity
primary tones, the stimulus level needed to be above 60 dB
SPL. The noise floor of our intracochlear pressure measure-
ment is 50–60 dB SPL, and the DP was typically above this
level only with primary levels at least 60 dB SPL. Therefore,
for the study of distortion products, both our intracochlear
and ear canal pressure measurement systems limit us to
stimulus levels above �60 dB SPL. Measurements made at
lower levels would extend these studies and offer further
information about some of the key issues. However, distor-
tion generated with relatively high sound stimuli likely has
the same basic origin �cochlear outer hair cells� as low level
distortion �Kim et al., 1980; Lukashkin et al., 2002; Mills,
2002; Avan et al., 2003�, and we will show below that its
tuning and physiological fragility are consistent with this
view. Acoustic distortion was checked in a cavity and was at
least 70 dB beneath the level of the primaries when the pri-
mary level was 100 dB SPL, and smaller for lower primary
levels �Dong and Olson, 2005b�, so artifactual distortion did
not influence our results.

The design, construction, and calibration of the fiber-
optic pressure sensor has been described �Olson, 1998�. The
sensors used in the present study were 150 �m in outer di-
ameter, slightly smaller than the 167 �m outer diameter of
the original design. The sensors operate with wide band sen-
sitivity �Pa/V� that is flat to within a few decibels to at least
50 kHz. The sensitivity can change due to small adjustments
of the sensitive membrane. Therefore, the absolute sensitiv-
ity is known to ��10 dB. An individual sensor tip might be
used in several experiments or just one if the sensitive mem-
brane was damaged. They were positioned close to the BM
in the basal-turn ST of the cochlea �BF�20 kHz� by ad-
vancing in micrometer steps with a stepper motor. The dis-
tance to the BM was judged by tapping it, whereupon a noisy
low-frequency signal was observed on the monitor oscillo-
scope. Most of the measurements were made close to the
sensory tissue, but sometimes additional measurements were
made at various distances from the BM. The question of
whether the sensor perturbed cochlear mechanics is salient. It
has been explored previously �Olson, 2001� and below we
explore it further.

C. Phase calculation

When considering ST primary or single-tone pressure
responses to the EC stimulus, the phase is simply referenced
as

�ST-re-EC = �ST − �EC

�at primary or single-tone frequencies� .

When considering the DPOAE in the EC as a response
to the DP in ST �when looking for a reverse wave�, the phase

is simply referenced as
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�EC-re-ST = �EC − �ST �at DP, DPOAE frequencies� .

Because the DP frequencies are not contained in the
stimulus, to reference the DP or DPOAE to the stimulus in
the EC requires the following �Dong and Olson, 2005b,
2006�, where �ECf1 and �ECf2 are the phases of the EC pri-
maries:

�2f1−f2-re-EC = �2f1−f2 − �2�ECf1 − �ECf2�

�2f1 − f2 DP or DPOAE� ,

�2f2−f1-re-EC = �2f2−f1 − �2�ECf2 − �ECf1�

�2f2 − f1 DP or DPOAE� .

In order to account for the phase behavior that is attrib-
utable to middle-ear transmission we use the average middle-
ear transmission delays observed in Dong and Olson �2006�.
The phase versus frequency due to middle-ear forward
transmission is found as �−1�� frequency
� the forward delay of 32 �s. Similarly, the phase versus
frequency due to middle-ear reverse transmission and round-
trip transmission are found, respectively, as �−1�� f
�38 �s �the reverse delay� and �−1�� f �70 �s �sum of
forward and reverse delays�. The forward and reverse
middle-ear delay times are similar and in some cases the
small difference between them is neglected.

III. RESULTS

Seventeen animals contributed to this study. All these
animals were preparations with robust nonlinear tuning, non-
linear responses, and starting healthy CAP thresholds. Re-
sults from individual animals are shown to illustrate particu-
lar points, and grouped data show the generality of the
results. Animal wg96 is an important case because some of
the DP and DPOAE data were collected with the sensor close

FIG. 2. The 2f1− f2 and 2f2− f1 components measured from an ear with int
measuring CAP thresholds at the round window and the cochlea was intact.
The 2f1− f2 amplitude with f2 : f1 ratio of 1.05 and 1.25. Dotted–dashed lin
phase referenced to f1 and f2 phases in the EC. Dotted–dashed line shows
primaries were equal intensity of 70 �thin line�, 80 �medium�, and 90 dB S
30 000 Hz in 200 Hz steps �animal wg92�.
to the BM but before tapping it, so these results inform ques-
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tions about sensor perturbation. Because tapping did not af-
fect the results in wg96, the data from this experiment are
also representative of other animals in which tapping oc-
curred prior to most data collection.

A. Basic characteristics of DPOAEs and DPs

1. DPOAEs are complex

In Fig. 2 we show DPOAEs produced with equal-
intensity primary levels of 70, 80, and 90 dB SPL in a gerbil
with an intact, unopened cochlea. The amplitudes of the
2f1− f2 and 2f2− f1 DPOAE components are in panels 2�A�–
2�D�, their phases relative to the primaries �f1 , f2� in the EC
are in panels 2�E�–2�H�. The DPOAE was level, frequency,
and ratio dependent. The DPOAE was observable up to
20–30 kHz, and then dropped to the noise floor. The 2f1

− f2 and 2f2− f1 amplitudes were similar with a f2 : f1 ratio of
1.05 �Figs. 2�A� and 2�C��, while the 2f1− f2 was bigger than
2f2− f1 with a f2 : f1 ratio of 1.25 �Figs. 2�B� and 2�D��, es-
pecially at the lower primary levels. The DPOAE generally
grew with increasing primary level. In general, the DPOAEs
elicited with moderate level primaries �e.g., 70 dB data in
Figs. 2�A�–2�D�� displayed more fine structure than
DPOAEs elicited with high level primaries. The phase of
2f2− f1 changed rapidly with frequency above 12 kHz with
the 70 dB SPL primary level �Figs. 2�E� and 2�F��. In the
region of the rapidly varying phase, this DPOAE would be
interpreted as a place-fixed, reflector emission. The phase-
frequency response of the 2f1− f2 component at a wide f2 : f1

ratio of 1.25 was flat through a fairly broad frequency range
�Fig. 2�H��. The flat phase is associated with the wave-fixed
emission type. Because the middle ear round-trip delay is
unavoidable, within the cochlea the phase-frequency re-
sponse must actually slope upward �by simple subtraction of
phase slopes�, and we will see in what follows that this is in
fact the case. The phase of the DPOAE was in other cases

chlea showing the complex nature of the DPOAE. The bulla was open for
nd �B� The 2f2− f1 amplitude with f2 : f1 ratio of 1.05 and 1.25. �C� and �D�
ws the noise floor of the B & K probe-tube microphone. �E�–�H� DPOAE
verage middle-ear round-trip delay from Dong and Olson �2006�. The two
thick�. f2 : f1 ratio was fixed either at 1.05 or 1.25. f2 swept from 1000 to
act co
�A� a
e sho
the a
PL �
very much like the round-trip middle ear delay �Figs.
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2�E�–2�G��, although often with a superposed jagged struc-
ture that lined up with ripples in the magnitude. After ac-
counting for the middle ear round-trip phase, the cochlear
phase-frequency response would be flat, and in the dual-
component emissions theory, this emission type would also
be interpreted as a type of wave-fixed emission.

2. Local damage reduces DPs and changes DPOAEs,
death reduces both dramatically

Because we worked at relatively high stimulus levels, it
is important to demonstrate the physiological basis of the
DPs and DPOAEs we measure. Figure 3 shows how the
simultaneously recorded DPOAE �Figs. 3�A� and 3�C�� and
DP �Figs. 3�B� and 3�D�� changed due to local damage and
death. The cochlear condition is illustrated by CAP thresh-
olds �Fig. 3�E�� and the ST pressure responses measured
close to the BM with single-tone stimuli �Figs. 3�F�–3�H��.
The 2f1− f2 and 2f2− f1 are plotted versus their own frequen-
cies, under intact cochlea �blue�, local cochlear damage
�green�, and postmortem �red� conditions.

Before damage, the CAP measurements showed a typi-
cal threshold curve, with thresholds about 30 dB SPL up to
24 kHz, and then growing with frequency �Fig. 3�E��. The
single-tone responses showed saturating nonlinearity �Fig.
3�F��. The BF of this position �peak frequency at low stimu-
lus level� was �18 kHz. The 2f2− f1 DP was tuned approxi-
mately to the BF �Fig. 3�B�� and the 2f1− f2 DP had two
peaks �Fig. 3�D��, which will be discussed further in regard
to Fig. 5. The DPOAE was broadband, with notches �Figs.
3�A� and 3�C��. After using the sensor to cause local perma-
nent damage to the organ of Corti, CAP thresholds were
elevated at all frequencies except for the highest tested with

a pronounced elevation in the 16–21 kHz region �Fig. 3�E��.
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�In this experiment the sensor was inadvertently bumped and
the local damage technique was not well controlled. We have
reproduced elements of this response to localized damage in
other experiments by distending the BM with the sensor by
�10 �m.� In addition, the single-tone response gain and de-
gree of nonlinearity was reduced �but not eliminated�, indi-
cating that the cochlea’s active nonlinear mechanics were
damaged �Fig. 3�G��. At frequencies far from the BF the
changes were small and the similarity with predamage values
shows that the sensor itself was not damaged when it was
used to damage the organ of Corti. The DPs �Figs. 3�B� and
3�D�� were markedly reduced at peak frequencies, and less
reduced at frequencies on the low side of the peaks. This
applies to both peaks in Fig. 3�D�. The DPOAEs �Figs. 3�A�
and 3�C�� were only substantially affected in the frequency
region corresponding approximately to the BF of the dam-
aged region �slightly below the BF region in Fig. 3�C��. The
2f1− f2 DPOAE �Fig. 3�C�� decreased; the 2f2− f1 DPOAE
�Fig. 3�A�� actually increased. This might be because the
local damage caused the sensory tissue to be less smooth,
enhancing the reflection of DPs. In the postmortem condi-
tion, the single-tone responses became linear �Fig. 3�H��, the
DPs went into the noise �Figs. 3�B� and 3�D��, and the
DPOAEs went into the noise at frequencies above �7 kHz
�Figs. 3�A� and 3�C��. At frequencies below 5 kHz the
DPOAEs remained robust in these data, taken �30 min post-
mortem. In other animals, more than 1 hour postmortem the
DPOAE disappeared beneath the noise floor even at a stimu-
lus level of L1=L2=90 dB SPL. In sum, this figure illustrates
that the DPOAEs and DPs are both sensitive to localized
damage and death and that the DPOAE is sourced by intra-

FIG. 3. Simultaneous recording of
DPOAE in the EC and DP in the ST
close to the BM with different cochlear
conditions: healthy �H� �blue�, locally
damaged �LD� �green�, and postmortem
�PM� �red�. The pressure sensor was po-
sitioned �10 �m from the BM at the
basal turn of the cochlea with BF
�18 kHz. �A� and �C� DPOAE 2f2− f1

and 2f1− f2. �B� and �D� DP 2f2− f1 and
2f1− f2. �L1=L2=80 dB SPL, f2 : f1

=1.25, f2 swept from 1000 to 40 000 in
100 Hz steps.� �E� CAP thresholds under
healthy and locally damaged conditions.
�F�–�H� Single-tone amplitude responses
�normalized to SPL� from the same
position/conditions with stimulation lev-
els of 40–90 dB SPL in 10 dB steps.
Vertical dotted line indicates the BF po-
sition. Single-tone nonlinearity and local
DPs were severely reduced with damage
and the CAP thresholds were elevated,
especially in the frequency region of
damage �B�, �D�, �E�, and �G�. Postmor-
tem, single-tone responses became linear
and the DPs were reduced almost to the
noise level �B�, �D�, and �H�. DPOAEs
changed over a limited frequency region
due to local damage, and were greatly
reduced postmortem �A�, �C� �animal
wg95�.
cochlear distortion even at high stimulus levels.
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3. Introducing the sensor into the cochlea does not
perturb cochlear mechanics

The micropressure sensors have been used for nearly a
decade to explore cochlear mechanics �Olson, 1998, 1999,
2001, 2004; Dong and Olson, 2005b, a; Olson and Dong,
2006; Decraemer et al., 2007�. In previous studies, the pres-
ence of the sensor close to the BM sometimes caused the
CAP threshold to be elevated a few decibels and in other
cases had no effect on CAP �Olson, 2001, Fig. 6�. To further
explore the possibility that the presence of the pressure sen-
sor perturbs cochlear mechanics, DPOAEs and CAP thresh-
olds are plotted in Fig. 4 under three different conditions:
prior to opening the cochlea �blue�, after making the sensor
hole and positioning the sensor within the cochlea before
using it to tap the BM �green�, and after hitting the BM and
withdrawing 10 �m �red�. Changes to the DPOAE �panels
4�A�–4�H� and CAP �panel 4�I�� were barely discernible, and
could be due to slight repositioning of the acoustic system.
The most pronounced change, in the phase of the low ratio
1.05 2f2− f1, is tied to the deep notch at �20 kHz and phase
unwrapping, as after they have diverged, the green, and red
and blue curves differ by a complete cycle. In summary, Fig.
4 illustrates lack of sensor perturbation. Therefore, unless
noted, the data presented here are expected to reflect normal
cochlear mechanics.

B. Further characteristics of the DP

The characteristics of locally measured DPs help us to

FIG. 4. Lack of sensor perturbation to DPOAE and CAP thresholds. �A�
B & K probe-tube microphone noise floor in the EC. �E�–�H� 2f2− f1 and 2f1

the middle-ear round-trip delay. �I� CAP thresholds. Blue lines show data c
and sensor at 108 �m from BM and red lines represent data with the sensor
of 80 dB SPL with f2 : f1 ratio fixed at either 1.05 or 1.25. f2 frequency w
thresholds were nearly unchanged after making the ST hole, introducing the
understand their relationship to DPOAEs. In Dong and Olson
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�2005b, a� and Olson and Dong �2006�, locally measured
intracochlear DPs at a low f2 : f1 ratio �1.05� were explored in
some detail. At frequencies close to the local BF the DPs
were tuned and showed similar group delays to the prima-
ries, suggesting they were locally or basally generated. How-
ever, at frequencies somewhat below the BF, the group de-
lays were longer than those of the primaries, which indicated
nonlocal DP generation. Here, we also show DP results taken
with the paradigm with a relatively high f2 : f1 ratio �1.25� to
further our understanding of intracochlear DPs.

1. Variations with frequency indicate that DPs are
composed of a combination of locally and distantly
generated components

Figure 5 shows the 2f1− f2 DP in ST pressure measured
close to the BM from wg93. The stimuli were equal-intensity
tones of 70, 80, and 90 dB SPL �blue, green and red�. The
high level results are the most extensive �out of the noise�,
and 70 dB data extend the results to moderate stimulus lev-
els. The responses are plotted versus the DP frequency in
panels 5�A� and 5�B� �amplitude� and panels 5�C� and 5�D�
�phase relative to EC f1 and f2 primary phases�. The ampli-
tude data are replotted versus f2 in panels 5�E� and 5�F�.
Single-tone tuning curves and phase are plotted as dotted
lines, for comparison.

The low ratio 1.05 data �Fig. 5�A�� show tuning that was
much like single-tone tuning in the region of the peak. With

2f2− f1 and 2f1− f2 DPOAE amplitude. Dotted–dashed lines indicate the
POAE phase relative to EC f1 and f2 phases. Dotted–dashed lines represent

ed with the cochlea intact. Green lines indicate responses with the ST hole
m from BM after tapping it. The primary stimuli were equal-intensity tones
wept from 1000 to 40 000 Hz in steps of 100 Hz. The DPOAE and CAP
or into ST, and after tapping the BM �animal wg96�.
–�D�
− f2 D
ollect
10 �
as s
primary levels of 70 dB the response was tuned much like
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the 50 dB SPL single-tone response. With primary levels of
80 and 90 dB the peak was shifted to slightly lower frequen-
cies. This shift suggests that the tuning of the DPs resulted
from both primary tuning �pregeneration� and DP tuning
postgeneration. We pursue this by plotting the DP versus f2

frequency in Fig. 5�E�. The single-tone curve was slightly
better fit in Fig. 5�E� than in Fig. 5�A� �at the higher sound
levels�, supporting the idea that the DP tuning was substan-
tially influenced by primary tuning. In the region of the peak
the phase versus DP frequency was much like the single-tone
response �Fig. 5�C��, indicating a forward-traveling DP. Be-
low 15 kHz, the DP amplitude showed features that are remi-
niscent of DPOAE fine structure �Figs. 5�A� and 5�E��. In
this sub-BF frequency region the phase �Fig. 5�C�� departed
from the single-tone behavior; it was steeper, and more struc-
tured. Thus, the amplitude and phase of the low-frequency
DP make it clear that it is not purely locally/basally gener-
ated and it is likely that apically produced distortion is con-
tributing.

The high ratio 1.25 2f1− f2 DPs �right panels� were not
tuned like the single tone when plotted versus the DP fre-
quency. Because at high ratio �1.25� the primary and DP
frequencies are much more separated than with the low ratio
�1.05� condition, it is to be expected that the DP tuning
would be more complicated. In Fig. 5�B� two well defined
peaks were apparent in the amplitude and correspond to flat
�lower-frequency peak� and single-tonelike �higher-

FIG. 5. Scala tympani 2f1− f2 DP amplitude and phase show both locally/
basally and remotely generated components. Sensor was positioned 10 �m
from the BM, L1=L2=70, 80, and 90 dB SPL. f2 : f1 was fixed at either 1.05
or 1.25. f2 was swept from 1000 to 35 000 in 200 Hz steps. �A� and �B�
Amplitude of the 2f1− f2 DP with f2 : f1 ratio of 1.05 and 1.25, respectively.
�C� and �D� Corresponding phase, referenced to the EC primaries. In �A�–
�D� DPs are plotted vs their own frequency. �E� and �F� DP amplitude is
plotted vs the f2 frequency, to better understand the basis for tuning. Solid
colored lines show the DP responses; dotted lines show single-tone pressure
responses at 50, 60, and 70 dB SPL, measured at the same position, for
comparison. Dotted–dashed lines show the noise floor of the sensor and
vertical dotted line indicates the BF position �animal wg93�.
frequency peak� phase responses, respectively �Fig. 5�D��.
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The dual-peak structure was also observed in other animals
�e.g., Fig. 3�D��. The higher-frequency peak likely corre-
sponds to basally produced distortion traveling forward, but
it is curious that it cuts off at frequencies below the BF.
When plotted versus f2 �Fig. 5�F�� it is seen that the second
peak extends to f2 frequencies above 30 kHz. Frequencies of
30 kHz and above are represented in the basal region of the
gerbil cochlea that is exposed by the large round window
opening. It is possible that in this open cochlea the basal
region is beginning to deteriorate �Overstreet et al., 2003�.
This could account for the second peak’s premature high-
frequency dropoff compared to the single-tone response in
Fig. 5�B�. With this understanding, the second peak is con-
vincingly a forward-traveling DP. The lower-frequency peak
had a flat phase �Fig. 5�D��, which was similar to the
DPOAE response typically observed for the 2f1− f2 compo-
nent at a high ratio �1.25� �Figs. 2�H� and 4�H��. In fact, the
sub-BF frequency phase was not flat, but sloped slightly up-
ward. When describing the flat 2f1− f2 phase with the f2 : f1

ratio of 1.25 in Fig. 2 we predicted this type of upward
sloping DP phase in order to account for both the flat
DPOAE phase and the middle-ear delay. The lower-
frequency peak at the 90 dB stimulus level in Fig. 5�F� was
tuned somewhat like the single-tone f2 response, but the cor-
respondence is less clear at the 80 dB stimulus level. The
sharp notch separating the low- and high-frequency peaks
suggests interference, such as would occur if locally and re-
motely generated components were summing destructively.
In sum, the lower-frequency peak in Figs. 5�B� and 5�F�
appears to be a combination of locally generated distortion
�or basally generated distortion that traveled forward� and
distantly generated distortion, traveling out of the cochlea
from more apical locations.

2. Spatial variations show that the DPs drop off
steeply with distance from the BM

Intracochlear pressure is composed of compression and
traveling-wave modes. In Sec. I we described how these ap-
pear in measurements; a review point is that the traveling-
wave mode is dominant close to the BM at frequencies close
to BF and diminishes rapidly with distance from the BM,
whereas the compression mode is dominant far from the BM
or at frequencies higher than the BF, and is not spatially
varying. In Fig. 7 of Dong and Olson �2005b� we showed
that DP pressures decreased with distance from the BM.
Here we confirm this finding. Figures 6�A� and 6�A�� show
the 2f2− f1 DP when the sensor was far from the BM �thin
lines� and close to it �thick lines�. For comparison, the f2

primary response at these locations is also plotted �Figs. 6�B�
and 6�B��� The response phases �both f2 and DP� are shown
in Figs. 6�C� and 6�C��. We also show the concurrently mea-
sured DPOAE in Figs. 6�D� and 6�D��. The DPOAE changes
were small, suggesting that the sensor’s location did not in-
fluence cochlear mechanics, and confirming the results from
Fig. 4. The f2 amplitude was bigger at the closer than it was
at the more distant location, with the largest changes in the
region of the BF peak. �Based on low intensity single-tone
tuning curves the BF was �18 kHz for wg95 and 21 kHz for

wg92.� The notches in the primary amplitude �arrowheads in
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Figs. 6�B� and 6�B��� coincide with phase jumps �arrow-
heads in Figs. 6�C� and 6�C���, and are due to destructive
interference between traveling- and compression wave pres-
sure modes. At frequencies well above the BF, the compres-
sion wave dominated the f2 responses, which led to the phase
and amplitude plateaus. When the sensor was positioned far
from the BM the region of compression wave dominance
started at a lower frequency �phase plateau region thin-dotted
versus thick-dotted lines in Figs. 6�C� and 6�C���. The phase
plateaus at the different locations are separated by a full
cycle. Over much of the frequency range, the DP phase lined
up with the forward-traveling f2 phase �so the DP is also
forward traveling, or locally generated�. However, in Fig.
6�C� and 6�C�� at frequencies less than 15 kHz, the DP phase
was steeper than the primary phase, suggesting that in this
region, apically generated distortion traveling backward was
contributing to the measured DP.

Most importantly, the DP amplitude decreased substan-
tially with distance from the BM �Figs. 6�A� and 6�A���. The
rapid spatial variations in the DP prove that it is not a com-
pression pressure, since the observed pressure differences
must drive bulk acceleration of the cochlear fluid. The spatial
variations observed in the DPs are similar to those of the
traveling-wave pressure mode of the primary response,
which argues for a traveling-wave mode of DP travel. In
general, the DP steadily dropped to the noise level as the
measurement position was moved further from the BM.
Therefore, the noise level ��55–60 dB SPL� gives the upper
limit for the size of a compression-type �approximately

space-filling� DP pressure.
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C. Relating DPOAEs to DPs

A robust feature of cochlear mechanics is the phase-
frequency relationship of the forward-traveling wave, illus-
trated in Fig. 1�C�. Therefore, a very compelling demonstra-
tion of a reverse-traveling wave would be the observation of
the same phase-frequency relationship, in reverse. The
forward-traveling-wave phase is found by referencing the in-
tracochlear response to the EC stimulus and the reverse-
traveling phase can be sought by referencing the EC emis-
sion to the intracochlear DP. If this DPOAE–DP phase
overlies the forward-traveling-wave phase, the reverse-
traveling wave will be supported. In the following figures,
we show the result of this referencing. We will find that the
DPOAE–DP phase results cannot stand on their own defini-
tively, but that coupled with the individual DP and DPOAE
results, compelling conclusions can be drawn.

Figures 7–10 show the simultaneous measurements of
DPOAE and DP in animals wg81 and wg96. The amplitude
and phase of 2f2− f1 DPOAE and DP are in panels �A�–�D�;
amplitude and phase of 2f1− f2 DPOAE and DP are in panels
�F�–�I�; the DPOAE–DP phase is in panels �E� and �J�—it is
this plot that will be explored for a reverse-traveling-wave
character. DPs in these figures were measured close to the
BM �within 30 �m�. For comparison/reference, average
middle-ear round-trip delay is plotted in panels �B� and �G�
�dotted–dashed lines� and middle-ear reverse transmission
delay is plotted in panels �E� and �J� �dotted–dashed line�.
The single-tone phase response to a 50 dB SPL stimulus tone

FIG. 6. DP spatial variation shows that the DP drops off
with distance from the BM. �A� and �A�� 2f2− f1 DP
amplitude measured at distances far �thin� and close
�thick� to the BM. Dotted–dashed lines indicate the sen-
sor noise floor. Vertical dotted lines represent the BF
position. �B� and �B�� Amplitude of primary f2 mea-
sured close to �thick dotted� and far from �thin dotted�
the BM. �C� and �C�� Phase referenced to EC f1 and f2.
DP and primary f2 responses are plotted in solid and
dotted lines, respectively. Arrowheads indicate
frequency/position combinations for which destructive
interference between compression and traveling modes
is apparent. �D� and �D�� Concurrently measured
DPOAE is stable, indicating a lack of significant sensor
perturbation. �L1=L2=80 dB SPL, f2 : f1=1.25, f2 swept
in 100 Hz �animal wg95� or 200 Hz �animal wg92�
steps�. The DP decreased as the distance from the BM
increased, similar to the primary response in the BF
frequency region.
from the same experimental animal and conditions as the DP,
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DPOAE data are plotted as a dotted line in panels �D�, �E�,
�I�, and �J�. This curve is included to show the forward-
traveling-wave phase.

1. Sub-BF region

The BF of both animals in Figs. 7–10 was 21 kHz. At
frequencies below �15 kHz amplitude and phase fine struc-
ture was apparent in the DP as well as the DPOAE. The DP
phase was not similar to the single-tone response, and the
tuning of the DP was not like the single tone �confirming
results from Fig. 5� so the DP did not appear to be forward
traveling. In some cases details of fine structure in the DP
were precisely echoed in the DPOAE �prominent cases are
marked with double arrows in Fig. 9� but the general finding
is that the sub-BF region of the DP possessed fine structure.
Middle ear transmission imposes fine structure on the
DPOAE �Dong and Olson, 2006� so we cannot expect every
detail in the sub-BF DP to be evident in the DPOAE. The DP
fine structure is likely produced by summing interference,
either between locally or basally generated and apically gen-
erated distortion, or simply between wave-fixed and place-
fixed distortion components, both arriving at the basal mea-
surement location from more apical locations. The DPOAEs
and DPs exhibited similar level dependence; in Fig. 8, when
the stimulus level increased from 60 to 70 dB there was less
than a 10 dB change in the response, but the increase to
80 dB caused a greater than 10 dB change in both the DP
and DPOAE at most frequencies below 15 kHz �Fig. 8�F�

and 8�H��. The phase of both the DPOAE and DP also
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changed in character with this level change �Figs. 8�G� and
8�I��. In the DP the phase slope went from slightly upward
sloping to flat and in the DPOAE from flat to slightly down-
ward sloping. In other cases the low-frequency phase of the
DP and DPOAE were both relatively rapidly varying, as in
panels �B� and �D� of Figs. 7–10 �the 2f2− f1 DP�. The rap-
idly varying DP phase is not similar to the single-tone re-
sponse and thus does not appear to be locally/basally gener-
ated. On the other hand, the large group delay the steep
phase represents can be explained as being a reflector emis-
sion from more apical locations.

When we plotted the phase DPOAE–DP, it was very
similar to the forward-traveling-wave phase in the sub-BF
region panels �E� and �J� of Figs. 7–10, which is as expected
for a reverse-traveling wave. However, the phase variation
was small in this region and not significantly different from
what middle-ear transmission delay would produce. Never-
theless, the strong similarity between the forward and reverse
phases measured in the same experimental preparation dem-
onstrates a compelling similarity between sound traveling in
and sound traveling out of the cochlea.

2. BF region

As we and others have noted �Robles et al., 1997; Dong
and Olson, 2005b, a; Olson and Dong, 2006�, in a broad
region of the BF, the intracochlear DP is usually tuned like a
single tone, with a forward-traveling-wave phase. This char-
acteristic is expected for locally generated distortion or a

FIG. 7. Simultaneous recording of the
DP and DPOAE with f2 : f1=1.05. L1

=L2=60 �blue�, 70 �green�, and 80 dB
SPL �red�, the sensor was positioned
20 �m from BM. f2 was swept from
1000 to 40 000 in 400 Hz steps. �A�, �C�,
�F� and �H� The 2f2− f1 and 2f1− f2 DP
and DPOAE amplitudes. Dotted–dashed
lines indicate the noise floor of the sen-
sor and B and K probe-tube microphone.
Vertical dotted lines represent the BF po-
sition. �B�, �D�, �G� and �I� Phases of DP
and DPOAE referenced to EC f1 and f2

phases. Dotted–dashed lines show the
middle-ear round-trip delay and dotted
lines show the single-tone forward-
traveling-wave phase, for comparison.
�E� and �J� Phase of the DPOAE refer-
enced to the DP phase. When this phase
overlaid the forward-traveling wave of
the single tone, the reverse wave is con-
sidered to be detected. Within the BF
frequency region �gray bar�, the observa-
tion of the reverse wave depends upon
the DPOAE phase being rapidly varying,
as then the phase contains information
about the traveling-wave delay. In the
sub-BF region, the reverse wave can be
expected as long as the DP amplitude
and phase behavior �in panels �C� and
�D�, �H� and �I�� indicates that the DP is
not dominated by local distortion. Ex-
cept for in these two regions, a reverse
wave cannot be expected to be detected
�animal wg81�.
basally generated DP traveling forward. It was also seen in
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the data of Figs. 7–10. Therefore, unlike the sub-BF region,
we have no reason to expect that in general the locally mea-
sured DP at frequencies around the BF will be responsible
for the DPOAE. When we reference the DPOAE phase to the
DP, the results take several different shapes.

Starting with Fig. 7�E�, the DPOAE–DP phase, after a
wiggle at 13–15 kHz, was similar to the forward single-tone
phase through and slightly above 20 kHz. The basis for the
reverse-wave phase behavior in the BF region can be found
in the DPOAE phase, which underwent a change in slope
from shallow to steep at �15 kHz. Comparing the DPOAE
and DP phases in the BF region in Fig. 7�E�, the DPOAE
phase slope was approximately two times the DP phase
slope, and the DP phase was forward traveling in character.
Therefore it is little wonder that when comparing these
phases directly �DPOAE–DP�, a reverse wave is indicated.
Based on this phase behavior, the DP does appear to be re-
sponsible for the DPOAE.

In Fig. 7�J�, the 2f1− f2 DPOAE–DP phase was like the
single-tone phase in the 20 kHz region. As above, the reason
for the similarity is in the DPOAE phase of 7�G�, which
became steep in the �18–22 kHz region, with a slope that
was approximately twice the forward-traveling DP phase of
Fig. 7�I�. In Fig. 8�E�, the DPOAE–DP phase was similar to
the single-tone phase, but only at frequencies very close to
the BF. The DPOAE at the 80 dB SPL stimulus level was
offset by a full cycle from the 70 dB SPL DPOAE over most
of the frequency range, so these two phases are actually ap-
proximately equal, although they appear different in the plot.

Above 20 kHz, they do diverge slightly, with the 80 dB
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phase data flattening out somewhat. The 70 dB DPOAE–DP
phase was similar to the single-tone data up to �22 kHz, but
with the 80 dB stimulus level the correspondence was more
limited.

Data from another animal, in Figs. 9 and 10, showed
similar trends. In Figs. 9�E� and 9�J� �60 and 70 dB data�,
and 10�E� �70 dB data� in the BF region the DPOAE–DP
phase was similar to the single-tone phase. In all these cases,
the DP was forward traveling, and the DPOAE was steep,
with a slope in the BF region approximately equal to twice
the forward-traveling phase. However, we see something un-
expected in Figs. 9�G�, 9�I�, and 9�J�. The 2f1− f2

DPOAE–DP phase, 80 dB data, in Fig. 9�J� sloped upward
with frequency: the DPOAE phase led the DP phase, as if the
DPOAE preceded the DP. This seemingly paradoxical result
is similar to the previously reported finding in which, based
on their relative phases, the DP in stapes vibration appeared
to precede the intracochlear DP in BM motion �Ren, 2004�.
The explanation offered in that study was that the DP exited
the cochlea essentially instantaneously as a compression
�sound� wave, and set the stapes in vibration, which then
launched a forward-going traveling wave. On the other hand,
the paradox can be adequately explained without invoking an
instantaneous compression pressure by revisiting the
DPOAE and DP results. At frequencies greater than 15 kHz,
the DP phase was that of a forward-going traveling wave
�Fig. 9�I��. This is readily understood as locally generated
distortion by the forward-traveling primaries, or basally gen-
erated distortion traveling forward. Within the BF frequency

FIG. 8. Simultaneous recording of the
DP and DPOAE with f2 : f1=1.25 with
the same format, measurement posi-
tion, and animal as in Fig. 7. In the
relative phase data of panel �E�, in the
BF region �gray bar in panel �E�� the
reverse wave was apparent in the
70 dB data ��18–23 kHz region� but
less so at the higher, 80 dB SPL level.
At the higher level, the DPOAE phase
was slightly less steep than at the
70 dB level in the 20–25 kHz region.
The 2f1− f2 DP was not recorded in
the BF region for this ratio=1.25 case.
region the DPOAE phase had a nearly flat phase �Fig. 9�G��.
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This DPOAE phase can also be interpreted within the theory
of cochlear emissions, as a wave-fixed/generator emission
�Kemp, 1986�. However, in a wave-fixed type emission, the
slope of the phase-frequency curve is not related to delay.
Since the DPOAE and DP phases can be understood indi-
vidually within the framework of forward and reverse co-
chlear traveling waves, their relative phase, the DPOAE–DP
phase, is therefore also in keeping with that framework, and
is not at odds with it.

We performed similar measurements with a fixed f2

stimulus paradigm, and Fig. 11 shows the simultaneous re-
cordings of the 2f1− f2 DP and DPOAE from animal wg96
�the same as in Figs. 9 and 10�. With this paradigm the po-
sition of the f2 response pattern was fixed and the overlap-
ping region of f1 and f2 response patterns decreased as the f1

frequency swept from high to low �increasing the f2 : f1 ra-
tio�. Both the DPOAE and the DP were ratio dependent. The
amplitude of the DP was �80 dB from 11 to 19 kHz
�11 kHz corresponding to f2 : f1=1.29�, and then decreased
quickly with increasing f2 : f1 ratio. On the other hand, the
DPOAE increased slightly as the ratio increased from 1.05
and peaked at 14 kHz �Fig. 11�A��, corresponding to an f2 : f1

ratio of 1.18. Similar to the DP, the DPOAE also decreased
quickly below 11 kHz, corresponding to a f2 : f1 ratio greater
than 1.29 �Fig. 11�A��. Above 15 kHz, the DP phase-
frequency slope was similar to that of the single-tone
forward-traveling-wave phase, but below 15 kHz the phase
slope was greater than that of the forward-traveling-wave
phase. This suggests that at frequencies around the BF, the
DP was locally/basally generated, while at sub-BF frequen-

cies it was not. The DPOAE phase was steeper than the DP
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at frequencies below 15 kHz, but then became shallower.
�Unlike the fixed f2 : f1 ratio paradigm, with the fixed f2 para-
digm the steeply varying DPOAE phase is not a clear indi-
cator of place-fixed emission type, as even a wave-fixed
emission is expected to have substantial phase-frequency
slope �Shera et al., 2000�, so this useful analysis cue is miss-
ing in these data.� When we compared DPOAE to DP phases
�Fig. 11�C��, the results were similar to those with a fixed
ratio. In the sub-BF region, the DPOAE–DP phase overlaid
the forward-traveling-wave phase, supporting the reverse-
traveling-wave hypothesis. At 15–17 kHz �the region in
which the DPOAE phase flattened somewhat� the
DPOAE–DP phase sloped upward, as though the DPOAE led
the DP, which seems counter to the reverse wave hypothesis
�Ren, 2004�. In summary, the fixed f2 DPOAE–DP phase
results were similar to the fixed f2 : f1 ratio results, and
showed both reverse-wave and paradoxical behavior. The in-
terpretation of the fixed-ratio-result of Figs. 7–10 benefitted
from the ease of separation into wave-fixed/generator and
place-fixed/reflector type emissions. These interpretative
cues are missing with the fixed f2 paradigm, but the data
are consistent with the same interpretation as in the fixed-
ratio case.

3. Grouped data: DPOAE and DP

The exploration for evidence of a reverse wave relied on
analysis of the phase responses of the DPOAE and DP.
Above, these two responses were compared in individual
animals and certain patterns emerged. In particular, in the BF

FIG. 9. Simultaneous recording of the
DP and DPOAE with f2 : f1=1.05. L1

=L2=60 �blue�, 70 �green�, and 80 dB
SPL �red�, sensor positioned 10 �m
from the BM, f2 swept from 1000 to
40 000 in 100 Hz steps. 60 dB SPL
data were averaged 50 times rather
than the usual 20 times. In the sub-BF
region �less than �14 kHz�, the
double arrows indicate that the fine
structure in DP amplitude was echoed
in the DPOAE. The DPOAE–DP
phase supported the reverse wave in
all cases in which data were available.
In the BF region �gray bars� the
reverse-traveling wave was only ap-
parent when the DPOAE phase was
rapidly varying. When the DPOAE
phase was not rapidly varying �panel
�G�� �80 dB� relating the DPOAE and
DP phases caused a paradoxical result
�panel �J�� in which the DPOAE ap-
peared to lead the DP at frequencies
close to BF �animal wg96�.
region the reverse wave was only detectable when the
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DPOAE had a rapidly varying phase-frequency response. In
order to convey the generality of the DPOAE phase results,
in Fig. 12 we show grouped DPOAE data from the eight
animals in this study for which the 70 dB stimulus gave
emission responses above the noise floor over a relatively
wide frequency region. These are more interesting than the
80 dB DPOAEs since they are more apt to show the steep
phase-frequency slope of the reflector/place-fixed emission
type, whereas the 80 dB DPOAEs tend to show the flat
phase-frequency slope of the generator/wave-fixed emission
�see DPOAE phase level dependence in Fig. 2�. Recall that
the group delay of the place-fixed/reflector emission type is
related to the group delay of the forward-traveling wave at its
BF. If the reverse wave exists, the group delay is expected to

FIG. 11. Simultaneous recordings of 2f1− f2 DP and DPOAE with f2 fixed
sensor was positioned 10 �m from the BM. �A� The 2f1− f2 DPOAE �thick
to facilitate the comparison. The vertical line indicates the BF= f2 frequency
f2. �C� Phase of DPOAE–DP. The dotted lines show single-tone 50 dB stim
dashed lines show average middle-ear reverse delay. The reverse wave wa
seemed to lead the DP. Because the stimulus paradigm was not a fixed ratio,

emission type, making interpretation of these data less straightforward than with

234 J. Acoust. Soc. Am., Vol. 123, No. 1, January 2008

d 30 Jun 2010 to 156.145.57.60. Redistribution subject to ASA license
be approximately two times the forward-traveling wave
group delay at its BF, and if it does not exist, it is expected to
be approximately equal to the forward group delay. In order
to aid in the comparison, we include a single-tone 50 dB
phase-frequency curve from one animal �wg81�, multiplied
by 2. �The intracochlear location of measurement of all the
animals in this study was �20 kHz, so it is sufficient to
include the comparison curve from a single animal.� In con-
trast to the rapidly varying place-fixed emission phase, the
flat phase of the wave-fixed/generator emission, while pow-
erful in its relation to scaling symmetry, does not contain
information about forward and reverse group delays �Kemp,
1986; Zweig and Shera, 1995; Shera and Guinan, 1999�.
Theoretically, the wave-fixed/generator emission is flat

FIG. 10. Simultaneous recording of
the DP and DPOAE with f2: f1=1.25
with the same format, measurement
position, and animal as in Fig. 9. In
the BF region �gray bars�, the detec-
tion of the reverse-traveling wave de-
pends upon the DPOAE phase, which
is level dependent. In the BF region
�gray bars� the reverse-traveling wave
was only apparent when the DPOAE
phase was rapidly varying �70 dB
stimulus level of panel �B��. When the
DPOAE phase was not rapidly varying
�panels �G� and �J�� relating the
DPOAE and DP phases caused a para-
doxical result in which the DPOAE
appeared to lead the DP at frequencies
close to BF. In the BF region, the
80 dB stimulus level data in panel �B�
are subject to a stair–steplike behavior
�coupled to sharp fine structure in the
amplitude� that gives rise to a messy
DPOAE–DP result.

. L1=L2=80 dB SPL, f2 : f1 changed from 1.02 to 1.5 in steps of 0.02. The
and DP �thin line� amplitude. The DPOAE amplitude was moved up 40 dB
The 2f1− f2 DPOAE �thick� and DP �thin� phase, referenced to EC f1 and
level response phase relative to the pressure stimulus in the EC. Dotted–
cted in the sub-BF region below 15 kHz �C�. Above 15 kHz the DPOAE
POAE phase does not allow for identification of wave-fixed and place-fixed
at BF
line�
. �B�
ulus

s dete
the D
the fixed-ratio paradigm �animal wg96�.
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within the cochlea, and when measured in the EC would
evince middle-ear forward and reverse delays. Therefore, in
order to aid the comparison, we also include the average
middle-ear round-trip delay phase.

Immediately apparent in Fig. 12 is that the character of
each DPOAE type is conserved among animals. The 2f1

− f2, 1.05 f2 : f1 ratio DPOAE phase �Fig. 12�C�� was slightly
downward sloping at frequencies below 15 kHz, with a slope
almost identical to the middle-ear round-trip delay �see also
Figs. 2�G�, 4�G�, 7�G�, and 9�G��. Therefore, within the co-
chlea this phase would be flat, consistent with a wave-fixed
emission. Wiggles appear in the phase data of panel 12�C�,
suggesting the presence of a lesser contribution from a place-
fixed/reflector emission component. The 1.25 f2 : f1 ratio
2f1− f2 phase in panel 12�D� did not show this middle-ear
delay, rather the phase slope tended to be nearly flat, or even
upward sloping. This was also seen in Figs. 2�H�, 4�H�, 8�G�,
and 10�G�. Therefore, within the cochlea the DP phase-
frequency curve will slope clearly upward. The 2f2− f1 phase
often had a gradual slope that was approximately equal to the

FIG. 12. The grouped phases of the 2f2− f1 and 2f1− f2 DPOAEs from eigh
DPOAE responses over a wide frequency range for 70 dB primaries. �When
interesting.� All phases were referenced to EC f1 and f2 phases. �A� and �B
The 2f1− f2 phase with f2 : f1 ratios of 1.05 and 1.25, respectively. The dotte
from a representative case �wg81, 50 dB SPL�, shown for comparison. T
comparison. Gray bars identify the 20 kHz region that can be compared to t
wg81, wg89, wg90, wg92, wg93, wg94, wg95 and wg96�.
round-trip middle-ear delay up to a certain frequency, and
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then abruptly changed to a steeper slope �Figs. 12�A� and
12�B�, also in Figs. 2�E� and 2�F�, 4�E� and 4�F�, 7�B�, 8�B�,
9�B�, and 10�B��. The underlying cochlear mechanism for
the shift point is unknown. We observed in previous figures
that the shift generally occurred at lower frequencies for
lower stimulus levels �Figs. 2�E� and 2�F�, 7�B� and 9�B� and
9�G��. Theoretically, the steep slope phase corresponds to the
place-fixed/reflector emission type. In the �20 kHz region,
the steep slope is similar to twice the forward-traveling-wave
delay found in our intracochlear measurements, with BF of
�20 kHz. This is consistent with the presence of a reverse-
traveling wave from the 20 kHz region giving rise to the
20 kHz DPOAE. To quantify this correspondence, we found
the group delay �negative slope� of the phase-frequency
curves at 20 kHz for all the curves in Fig. 12 whose slope
was significantly steeper than the middle-ear round-trip delay
in the 20 kHz region. This was all of the curves in panels
12�A� and 12�B�. The group delays averaged 0.41 ms, with a
standard deviation of 0.11 ms. This can be compared with
the forward-traveling-wave data �dotted line�, whose group

als illustrate the generality of the responses. These preparations had robust
rimaries are at a level of 80 dB SPL, the phases tend to flatten, and are less
2f2− f1 phase with f2 : f1 ratios of 1.05 and 1.25, respectively. �C� and �D�
is twice the single-tone pressure response phase measured close to the BM
tted–dashed line also shows the average middle-ear round-trip delay for

P data gathered during this study, for which the BF was �20 kHz �animals
t anim
the p

� The
d line
he do
he D
delay at 20 kHz was 0.23 ms. When multiplied by 2, as in
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the figure, this is 0.46 ms. Scatter is expected; the reflector
emission is not expected to emerge from a point in the co-
chlea, but rather from the region within the cochlea where
the DP is relatively large �Shera and Guinan, 2003�.

Figure 13 shows grouped DP phase data from all the
animals used in this study. The stimulus level of the plotted
curves was in general 80 dB SPL �black curves�, but several
results found with a stimulus level of 70 dB SPL curves are
included �gray curves� and show that those results are simi-
lar. �Also see Figs. 5 and 7–10, which show that level does
not change the DP phase significantly in the BF region.� The
80 dB data are emphasized in Fig. 13 in order to include all
the study animals in the plot with results above the noise
through a wide frequency region, and the similarity with
70 dB data when they are available justifies this emphasis.
With the 1.25 f2 : f1 ratio, the 2f1− f2 and 2f2− f1 results were
quite different from one another. �The 1.05 f2 : f1 ratio DPs
both look similar to each other, and were similar to the 2f2

− f1 results at the 1.25 f2 : f1 ratio, and are not shown. Exten-
sive observations on the 1.05 ratio DP were presented previ-
ously �Dong and Olson, 2005b, a; Olson and Dong, 2006�.�
Like the DPOAE, the character of the different DPs is con-
served among animals. Throughout the broad BF region, the
2f2− f1 DP phase has the forward-traveling-wave character
that is easily attributable to local or basally generated distor-
tion. At frequencies somewhat below the BF �below
�15 kHz�, this similarity breaks down, signaling a lack of
dominantly local distortion. These characteristics confirm the
generality of the 2f2− f1 results highlighted in Figs. 7 and 9.
The 2f1− f2 DP sloped mildly upward up to �15 kHz. Close
to the 20 kHz BF, the slope was usually downward, with a
slope similar to the single-tone phase, which would occur if
the DP had traveled to the BF location postgeneration. These
characteristics of the grouped data confirm the generality of

FIG. 13. The 2f2− f1 and 2f1− f2 DP phases from all 17 animals that con
=L2=70 �gray� and 80 dB SPL �black�, f2 : f1=1.25. �A� The 2f2− f1 phase;
shows the single-tone response phase measured close to the BM from a rep
overlaid the single-tone �forward-traveling wave� phase at frequencies in a
2f1− f2 DP phase sloped up at low frequencies, and was not similar to the
downward similarly to the single-tone phase, suggesting a forward-traveling-
probed in this study.
the 2f1− f2 results in Figs. 5, 8, and 10.
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IV. DISCUSSION

DPOAEs are a noninvasive measure of cochlear me-
chanics. The single place measurement of the DPOAE re-
flects processes that occurred within the cochlea’s complex
three-dimensional �3D� structure. The use of the DPOAE to
probe these processes has proceeded with certain simplifying
assumptions. A robust feature of cochlear mechanics is a
forward-traveling wave, and one of the assumptions built
into theories of emissions was that they proceed out of the
cochlea as a reverse-traveling wave. Many characteristics of
DPOAEs do support the reverse-wave picture. However, a
recent study aimed at detecting the reverse wave within the
cochlea did not detect it �Ren, 2004; He et al., 2007�. Those
experiments worked as follows: a 1 mm extent of BM was
examined. BM velocity was measured. Two-tone stimulation
was applied, and the response measured and analyzed to re-
veal the spatiotemporal pattern of f1, f2 and 2f1− f2. Re-
sponses at f1 and f2 frequencies were observed to travel for-
ward: their phase lags accumulated with distance from the
stapes. A wave traveling in the other direction—out of the
cochlea, would accumulate phase lag as it got closer to the
stapes. When the 2f1− f2 intracochlear DP was examined, it
also accumulated phase lag with distance from stapes, indi-
cating a forward-traveling wave. Following up, intracochlear
DPs in BM motion were compared with stapes DPs �a proxy
for the DPOAE�. A fixed f2, swept f1 paradigm was used,
with f2 either close to or �1 /2 octave below the local BF.
The phase-frequency slope of the BM DP was compared to
the DP on the stapes. The BM DP had the steeper slope
�indicating greater delay�, suggesting that the stapes DP pre-
ceded the BM DP. Faced with these observations, an alterna-

ed to this study. The sensor was positioned within 30 �m of the BM, L1

f1− f2 phase. All phases referenced to EC f1 and f2 phases. The dotted line
tative case �wg81, 50 dB SPL�, shown for comparison. The 2f2− f1 phases
d BF region, indicating that local distortion dominated the DP there. The
le-tone response there. In the region of the BF, the phase typically sloped
DP in this frequency region. The gray bar identifies the �20 kHz BF region
tribut
�B� 2
resen
broa
sing

wave
tive process to the reverse wave was hypothesized, in which
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DPs are transported out of the cochlea as a compression
wave, where they excite the stapes and launch a forward-
going wave at the DP frequency.

Many of our results are in accord with those of Ren. In
particular, we show that the intracochlear DP has a forward-
traveling behavior in a broad frequency region near BF. We
also observed a DPOAE phase-frequency slope that was
shallower than the DP phase-frequency slope. However,
these results are not in disaccord with the reverse-traveling
wave. We back up this statement below, starting by review-
ing DPOAE and DP results �see also Shera et al., 2005�.

A. General characteristics of the DPOAE
and DP

In the most general terms, the DPOAE is a complex,
broad-frequency-band response. DPOAE amplitude data
possessed fine structure: peaks and sharp minimums. The
constructive and destructive summing of the two emission
types �generator/wave fixed and reflector/place fixed� is
thought to give rise to the amplitude fine structure �Stover et
al., 1996; Talmadge et al., 2000; Kalluri and Shera, 2001�.
The DPOAE is diminished at frequencies above 25 kHz.
These frequencies are represented in the fragile, basal region
of the cochlea, and it is possible that the above-BF frequency
rolloff occurred because cochlear nonlinearity had been com-
promised in this region.

Phase is key to this study. Emissions are known to ex-
hibit two strikingly different phase behaviors �Kemp, 1986;
Shera and Guinan, 1999�. With fixed f2 : f1 ratio, the DPOAE
phase can be almost flat with frequency, or can be rapidly
rotating through several cycles. These behaviors correspond,
respectively, to the generator/wave-fixed and reflector/place-

FIG. 14. Illustration of the generation and transmission of DPs. Upon two-to
be detected within the cochlea as DPs and in the ear canal as DPOAEs. The
�20 kHz. In �A� the primary f1 and f2 frequencies were well beneath the loc
and when detected, is on its way out of the cochlea. In �B� the primary f1 a
to our sensor position, and is relatively large due to cochlear tuning of both th
character of the primaries.
fixed emission types. It has been observed that the high-
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frequency-side DPOAEs �e.g., 2f2− f1� are more apt to ex-
hibit the steep phase-frequency slope, whereas the low-
frequency-side DPOAEs �e.g., 2f1− f2� tend to exhibit the
flat slope �Knight and Kemp, 2000, 2001�. It has also been
observed that with increases in stimulus level, the DPOAE
phase tends to flatten �Mauermann et al., 1999; Mauermann
and Kollmeier, 2004�. We observed these characteristic
DPOAE phase behaviors.

The DP was measured at a single position in the cochlea
with BF �20 kHz. The character of the DP was different for
frequencies in the vicinity of the local BF and for frequen-
cies below the local BF. Figure 14 is a cartoon illustration of
the cochlear situation for sub-BF DPs �Fig. 14�A�� and ap-
proximately BF DPs �Fig. 14�B��, which is useful for under-
standing the dichotomy. At frequencies in a broad region
around the BF the DPs were tuned, in some cases even more
sharply than their parent primaries. The DP tuning in evi-
dence supports the idea that even at high stimulus levels a
DPOAE would be substantially contributed to by its own BF
frequency region of the cochlea. In this frequency region, the
phase was forward traveling. This forward-traveling phase is
expected, since the DP is produced by the nonlinear response
of the forward traveling primaries �Fig. 14�B��. In addition,
after being produced a DP would be expected to travel for-
ward within the cochlea to its own best place �Robles et al.,
1997; Dong and Olson, 2005b�.

At frequencies below the BF, the DP amplitude showed
fine structure that was similar to the behavior of a DPOAE,
suggesting that the DPs had been contributed to by more
than one component. The wide ratio of 1.25 2f1− f2 results
often showed a pronounced bimodal shape separated by a
sharp minimum, as in Figs. 3�D�, 5�B� and 10�H�. The pres-

mulation, distortion products are generated by cochlear nonlinearity and can
ure sensor was positioned at the basal turn of the cochlea where the BF was
. In this case the sub-BF DP is likely generated apical of our sensor location,

frequencies are in the BF region. In this case the DP was generated close
aries and the DP. It has a forward-going character due to the forward-going
ne sti
press
al BF
nd f2

e prim
ence of this apparent interference notch also supports a dual
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or multicomponent picture of the DP. In the sub-BF region,
the phase departed from the forward-traveling-wave pattern,
consistent with apical DP generation. It is reasonable to ex-
pect that sub-BF DPs are substantially contributed to by api-
cally generated distortion, traveling through the more basal
region of the cochlea to emerge from the cochlea as an emis-
sion �Fig. 14�A��. Therefore the DPs are expected to be on
their way out of the cochlea when we measure them. In
support of this idea, robust DP nonlinearity does exist
throughout the cochlea, including the apex, as illustrated by
auditory nerve recordings �Kim and Molnar, 1979� and api-
cal turn mechanics �Khanna and Hao, 1999; Cooper and
Dong, 2002; Khanna, 2002; Cooper, 2006�.

B. Relating DPs and DPOAEs

The signature of a traveling wave is in the phase re-
sponse, and the signature of a reverse-cochlear traveling
wave will lie in a DPOAE–DP phase that is similar to the
well established single-tone response phase. This study was
aimed at this result. We found that this pure result, the
DPOAE–DP phase alone, was not definitive, but that by con-
sidering this phase in conjunction with the DP and DPOAE
results, more compelling conclusions could be drawn.

1. At frequencies below BF

At substantially sub-BF stimulation frequencies, based
on both amplitude and phase, DPs appeared to be generated
apical of our basal measurement location. Therefore the DPs
are expected to be on their way out of the cochlea when we
measure them and it is reasonable to look for a reverse-wave
characteristic in the DPOAE–DP phase. Note that it is the
behavior of the DP that forms the basis for this reasonable-
ness, and it applies regardless of the character of the
DPOAE. If the measured DP travels out of the cochlea as a
traveling wave then the phase, DPOAE–DP, will overlie the
forward-traveling-wave phase. If on the other hand, the DP
travels out of the cochlea instantaneously as a compressive
pressure, the DPOAE–DP phase will overlie the reverse
middle-ear phase. When their phases were related �DPOAE–
DP�, the phase-frequency relationship was similar to the
forward-traveling-wave phase. However, in this sub-BF re-
gion, the forward-traveling-wave phase does not change rap-
idly, and therefore the DPOAE–DP phase does not demon-
strate clear reverse-traveling-wave phase behavior. The
strong similarity between single-tone transmission into the
cochlea and DP transmission out of the cochlea as a traveling
wave was nevertheless striking. This striking similarity,
coupled with the qualitative similarity between the DP and
the DPOAE, and the lack of similarity between the DP and
the single-tone response in the low-frequency region, does
lead to a parsimonious conclusion that these low-frequency
DPs were passing through the basal region of the cochlea to
give rise to the DPOAE.

2. At frequencies around BF

At frequencies around BF, the DP essentially always
showed a forward-traveling-wave phase, and therefore our

criterion above for “reasonable reverse-wave case” was
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never satisfied. However, the steeply phase-sloped “reflector/
place-fixed” DPOAE is expected to reveal forward+reverse
group delay from the local BF place. Therefore, the steep-
phased DPOAE can be reasonably related to the DP in the
region of the BF. Note that here it is the behavior of the
DPOAE that forms the basis for this reasonableness. In Figs.
7�B� and 7�G� the DPOAE is steep phased in the BF region,
and in the DPOAE–DP phase, a reverse wave is apparent,
and similarly for Figs. 8�B�, 9�B�, and 9�G�, and 10�B�. The
grouped data of Fig. 12 confirmed that the phase-frequency
slope at 20 kHz of the place-fixed DPOAE, is roughly twice
the phase-frequency slope of the forward-going wave, at its
20 kHz BF.

In Figs. 8�G� and 10�G�, the high ratio 1.25 2f1− f2 case,
the DPOAE never became steep phased, so the criterion for a
“reasonable case” was never met. If we look for a reverse
wave in the BF region by plotting the DPOAE–DP phase
when the DPOAE was flat phased or had only a mild
�middle-ear round-trip� phase slope, the results were like
those in Fig. 8�J� at frequencies greater than 17 kHz, in Fig.
9�J� greater than 17 kHz �80 dB stimulus levels�, and in Fig.
10�J�. In these cases, the DPOAE–DP phase sloped upward,
with almost a mirror image of the forward-traveling-wave
phase, as though the DPOAE preceded the DP. A similar
observation was one of the bases for the hypothesis that the
DP traveled out of the cochlea as a compression wave �Ren,
2004�. In light of the forward-traveling wave DP, and the
flat-phased DPOAE, Ren interpreted this upward slope of the
DPOAE–DP phase to mean that the DPOAE must have oc-
curred before the DP. However, here we show that this up-
ward slope is exactly what is to be expected for a forward-
traveling-wave DP and a flat-phased DPOAE produced by
scaling symmetry.

C. DP spatial variation

In Sec. IV B 2, we show and attempt to understand para-
doxical results at frequencies around the BF in which, when
a DP was related to a DPOAE via the phase of the two
responses, the DPOAE appeared to precede the DP that is
expected to be its precursor. We further showed that by look-
ing at the DPOAE–DP phase in specific interpretable fre-
quency regions, a reverse wave was in evidence. However,
given the obvious pitfalls in relating phase responses, it is
useful to be able to explore the question of reverse-traveling
waves from a completely different vantage point. Spatial
pressure variations provide this.

As introduced in Figs. 1�B� and 1�C�, the intracochlear
response to sound comprises two modes: the traveling-wave
and compression wave. Theoretically, the pressure distribu-
tions of these two pressure modes within the cochlea are
strikingly different. At frequencies in the region of the BF,
the traveling-wave pressure, being governed by BM width
and traveling-wave wavelength, is expected to vary over dis-
tances of tens of micrometers �Steele and Taber, 1979b; An-
doh and Wada, 2004; Yoon et al., 2006�. At the same fre-
quencies the compression pressure will vary over distances
corresponding to quarter sound wavelengths—centimeters

�Peterson and Bogert, 1950�. The compression pressure can

W. Dong and E. S. Olson: Reverse cochlear traveling waves

 or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



Downloade
be thought of as a time varying, approximately space filling
pressure. Experimentally, these two pressure modes have
been detected in the spatial variation of pressure with single-
tone stimulation, where it was found that the slow traveling
wave dominated close to the BM, �100 �m from it the
compression pressure dominated, producing a spatially in-
variant pressure �Olson, 1998, 1999, 2001; Dong and Olson,
2005b� in amplitude and phase. Therefore, a marked advan-
tage of pressure measurements is that they can detect both
the compression and slow-traveling-wave pressure modes. It
has been proposed that DPs travel from their place of gen-
eration to the stapes through the cochlear fluid as a compres-
sion pressure, another possibility is that they are transmitted
via a reverse cochlear traveling wave. The spatial pressure
variation of the DPs is a criterion to distinguish the two
possibilities: a rapid spatial variation argues for the reverse-
traveling-wave mode, whereas if the DP pressure is spatially
unvarying, the compression mode is supported. The results in
Fig. 6 and results in Dong and Olson �2005b� showed that
the DP pressure dropped sharply with distance from the BM.
Therefore, the DP pressure distribution within the cochlea
appears to be dominated by the traveling-wave pressure
mode.

Given the observation that the DP pressure falls into the
noise with distance from the BM, the DP compression pres-
sure plateau, if one exists, must be less than 60 dB SPL in
the cochlea �the sensor noise floor�. Therefore, with the
40 dB loss from the middle-ear reverse transmission �Dong
and Olson, 2006�, the contribution to the DPOAE from the
compression mode would be at most 20 dB SPL, which is
much lower than the actual DPOAE we have measured in the
EC. In summary, the spatial variation measurement does not
rule out a contribution by a compression wave to the
DPOAE, but does set the maximum limit of its contribution
to DPOAE. Our results suggest that the reverse-traveling
wave plays the more important role in DP reverse transmis-
sion.

V. SUMMARY

�1� Regarding intracochlear distortion: at frequencies in the
broad vicinity of the BF, the DPs were tuned similarly to
the primaries, with primarylike forward-traveling phase.
This is consistent with distortion that was either gener-
ated locally or generated basally and carried to the mea-
surement point by a DP traveling wave. At frequencies
substantially lower than the local BF, the DPs did not
behave like the primaries, and did not have the forward-
traveling-wave phase of the primaries. They instead be-
haved more like a DPOAE.

�2� Regarding relating DPOAEs to DPs to attempt to ob-
serve the reverse wave directly, this can sometimes be
done at sub-BF frequencies, for which the DP was not
dominated by a forward-traveling DP. In these cases, the
DPOAE–DP phase overlaid the forward phase of a pri-
mary response, consistent with a reverse cochlear travel-
ing wave. The sub-BF region corresponds to a region of
little phase variation, so does not amount to a compelling

detection of reverse-traveling wave. Nevertheless,
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coupled to the similar characters of the DP and the
DPOAE and the nonforward-traveling character of the
DP, the combined results strongly favor the reverse-
traveling-wave description of the sub-BF results. At fre-
quencies in a broad-frequency region of the local BF, the
DP was forward traveling. Here, a correlation between
the DP and DPOAE can only be reasonably attempted
very close to the BF, and only when the DPOAE had a
rapidly varying phase. �More concretely, it cannot be at-
tempted when the DPOAE phase was flat or nearly flat,
as then the DPOAE phase frequency did not contain co-
chlear travel-time information.� When the DPOAE did
have a rapidly varying phase, the reverse wave was de-
tected, in that the DPOAE–DP phase did closely overlie
the primary phase.

�3� The observed spatial dropoff in DP pressure with dis-
tance from the DP is inconsistent with a compression
pressure DP, but consistent with a traveling-wave DP.

In summary, the data show that DPs are carried along
the cochlea by traveling waves and provide compelling evi-
dence against the hypothesis that high level DPs produce
compression-pressure waves. The data offer strong support-
ing evidence for the reverse-traveling wave.
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NOMENCLATURE

BF � best frequency
BM � basilar membrane

CAP � compound action potential
DP � distortion product

DPOAE � distortion product otoacoustic emission
EC � ear canal
ST � scala tympani
SV � scala vestibuli
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