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Abstract

The “classical” view on wave propagation is that propagating waves are possible in both
directions along the length of the basilar membrane and that they have identical properties. Results
of several recently executed experiments [T. Ren, Nat. Neurosci. 2, 333-334 (2004) and W. X.

He, A. L. Nuttall, and T. Ren, Hear. Res., 228, 112-122 (2007)] appear to contradict this view. In
the current work measurements were made of the velocity of the guinea-pig basilar membrane
(BM). Distortion products (DPs) were produced by presenting two primary tones, with frequencies
below the characteristic frequency f; of the BM location at which the BM measurements were
made, with a constant frequency ratio. In each experiment the phase of the principal DP, with
frequency 2 -5, was recorded as a function of the DP frequency. The results indicate that the DP
wave going from the two-tone interaction region toward the stapes is not everywhere traveling in
the reverse direction, but also in the forward direction. The extent of the region in which the
forward wave occurs appears larger than is accounted for by classical theory. This property has
been termed “inverted direction of wave propagation.” The results of this study confirm the wave
propagation findings of other authors. The experimental data are compared to theoretical
predictions for a classical three-dimensional model of the cochlea that is based on noise-response
data of the same animal. Possible physical mechanisms underlying the findings are discussed.

l. INTRODUCTION

Ever since otoacoustic emissions were detected (Kemp, 1978), particular attention has been
given to reverse traveling waves in the cochlea. This became more relevant when distortion
product otoacoustic emissions—where more parameters are involved—uwere studied in

detail. Many authors have held the view that the round-trip delay of such distortion products
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(DPs) is composed of a forward and a backward delay, and can approximately be
decomposed into two almost equal parts (among others, Goodman et al., 2004; Shera and
Guinan, 1999; Kalluri and Shera, 2001). Recently, findings by Ren (20044, b) and Ren et al.
(2006) have cast doubt on this opinion. For these studies measurements of DPs were made
in the gerbil at several locations along the basal part of the basilar membrane. Unexpectedly,
reverse traveling DP waves could not be detected over the entire basilar-membrane (BM)
region between the presumed source of the DP and the stapes that these authors were able to
inspect. In contrast, in part of this region a forward instead of a reverse traveling wave was
found. We propose to call this phenomenon “inverted direction of wave propagation”
(IDWP), and will consider it against the background of “classical” cochlear mechanics.
Moreover, others have provided a new interpretation of the existing round-trip data
(Ruggero, 2004; Siegel et al., 2005). A possible explanation of the findings, in terms of
compression waves, was advanced (Ren, 2004a, b, 2006) but this idea has been criticized
(Shera, 2006; de Boer and Nuttall, 2006a; Shera et al. 2007).

In this paper we describe a set of experiments directed at clarifying the question of wave
travel of DPs in the cochlea. In particular, we want to answer the question whether or not
there exists an inverted direction of wave propagation as it has been reported by Ren and
associates when an experiment is performed with a different experimental technique and in a
different animal model. Our basic experiment consisted of presenting two pure tones, with
frequencies £, and 5, to the cochlea of a guinea pig and measuring the DP at a fixed location
Lg of the BM, whereby the frequencies £ and 7 were varied with a constant frequency ratio.
In contrast to Ren (2004a, b, 2006), we did not keep the frequencies constant while varying
the position of observation, but we used a fixed observation point and varied the tone
frequencies. Viewed in terms of location along the length of the basilar membrane (BM), the
tone pair is moving along the BM with a constant separation—this corresponds to the
constant frequency ratio because of the tacitly assumed logarithmic scaling of frequency to
location. Our measurement technique is similar to the technique that we have employed to
study the Allen—Fahey puzzle (Allen and Fahey, 1992, de Boer et al., 2005). The main
difference is that all frequencies involved are /owerthan the best frequency (BF) of the
location L at which we measure BM velocity. A further difference is that we concentrate on
the phase of the DP component in the BM response instead of the amplitude.

Results of the experiments unequivocally demonstrate that between the % site and the stapes
there exists a region where the direction of wave travel is inverted, i.e., where there is a
forward and not a reverse traveling wave. As stated above, we have termed this property
inverted direction of wave propagation, abbreviated: IDWP. We also show theoretical
predictions on DP wave travel for a linear cochlear model based on noise-response data.
Computation is performed in analogy to earlier work (de Boer et al., 2007), except that we
now compare predictions and data from the same animal, and we selected tone frequencies
below the BF of the measurement location L. Prediction and data clearly diverge and
IDWP, in the form of an extended range of a forward wave, is evident. This more theoretical
topic is briefly expanded upon.

II. EXPERIMENTAL TECHNIQUES

We have performed our experiments in guinea pigs. The protocols of the experiments
described in this paper were approved by the Committee on the Use and Care of Animals,
Oregon Health & Science University. Details about experimental animals and surgical
techniques have been described in several previous publications (e.g., Nuttall et a/., 1991,
2004; de Boer and Nuttall, 2000). We give a shortened description here, but focus on the
new aspects of our present series of experiments.
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The experimental animal was deeply anesthetized, the bulla was opened and a small opening
was made in the firstturn scala tympani wall of the cochlea. Glass beads (~20 um diameter
and gold coated) were dropped through this opening upon the basilar membrane (BM). The
laser beam of a Doppler velocimeter (Polytec Corp. OFV 1102) was focused on one of the
beads, and produced a signal representing the bead’s motion. Two miniature condenser
microphones were used as loudspeakers for the two primary tones; they were embedded in a
plastic coupler placed in the external ear canal of the experimental animal. Stimulus
generation and data acquisition were performed by a custommade computer program based
on LABVIEW® software and TDT© hardware (this is the main difference between the
instrumentation of these and earlier experiments). Each of the two tones was sent to one of
the loudspeakers. We ensured that the system’s intermodulation distortion was well below
the cochlear DP level.

In order to obtain a database on frequency selectivity and nonlinearity of the animal under
study, responses were obtained for stimuli consisting of noise signals with various
bandwidths and various levels. Composite-spectrum files were constructed and served as
bases for computations to be described further on. At the spectral level of 20 dB per octave
the best frequencies (BFs) of the animals for this study ranged between 17 and 21 kHz.
During experiments the sensitivity of the experimental animal was checked from time to
time. Hearing losses at the BF due to surgery varied from 1 to 15 dB (8.4 £ 5.5 dB, mean =
SD, =8) among animals. During data acquisition, significant deterioration of sensitivity
(i.e., Compound Action Potential (CAP) threshold elevation greater than 10 dB near the BF)
was not observed in this study.

Tone pairs were chosen so that both frequencies, # and %, were belowthe frequency £,
which is the estimated BF of the measurement location L. In that way we can consider Ly
as a “station on the way” of the DP wave from its generation site to the stapes. By varying
the pair of frequencies we can observe different parts of that DP wave. We limit our
discussion here to the DP with frequency 2fi— 5. For the interpretation it is important that
for every frequency the phase of each of the primary tones at the peak of its response is
assumed to be (nearly) constant with respect to the phase at the stapes. Locally, the DP is
thus also generated with (nearly) constant phase. Note that this property is another
expression of “scaling symmetry” of which the projection of log frequency to location is the
basic property.

In closing this section, we describe the physical signals used in this work and the process of
data analysis. Stimulus signals were generated with a sample frequency of 200 kHz, the
stationary parts had a duration of 100 ms and were preceded and followed by the same
signals with gradual onset and offset envelopes lasting 5 ms. The full 200 ms of stimulus
and response signals, signal onset and offset excluded, in total comprising 20 000 data
samples, was used for data analysis. By making all frequencies integral multiples of 10 Hz
we ensured that the 100 ms interval always contained an integral number of periods. The
stimuli were repeated 400 times and the waveform of the response was averaged over these
repetitions. Fourier transformation of the recorded waveform yielded the corresponding
spectrum.

In the processing of the data we have to correct for the delay inherent in the onset period
(1000 time samples, equivalent to 5.0 ms) and for the delay from transducer to stapes (in
time approximately 180 (s). When we use the symbol < for the onset delay of 5.0 ms, we
have to compensate for phase delays of ®;=2r fit, and ©,=2r £t radians, respectively, for
the two frequencies # and 5. This constitutes a straightforward and invariant correction.
Compensation for the travel time from transducer to stapes is based on the cross-correlation
spectrum from transducer to stapes as measured with a broad-band noise stimulus signal, for
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every animal individually, and sampled at the frequencies A and %. These phase shifts were
included in the phase values ®1 and ©,. From considering third-order nonlinear distortion as
giving rise to the DP with frequency 27— 5 it follows that we have to compensate the
observed DP response for a phase shift of 2 ®,-0,.

lll. A ROOM WITH A VIEW

Before turning to the actual results obtained, let us briefly discuss the ways we can look at
data. Figure 1(A) shows the frequency response of the cochlea in stylized form. Amplitude
and phase of the velocity of the BM are imagined to be measured at a fixed location (Lg) for
a sinusoidal stimulus, and are plotted as a function of frequency 7 The frequency scale is
chosen to be logarithmic. The amplitude (assumed to be plotted logarithmically) grows, first
slowly and then more rapidly, toward a peak and rapidly decreases thereafter. The frequency
corresponding to the peak will be referred to as the BF (best frequency). The stimulus is
assumed to be presented at the stapes with zero phase. The response phase (plotted linearly)
has a monotonic course, starting at a value close to +mr/2, the lag increasing with frequency
(the phase becoming more negative). Consider next the response for a fixed frequency
plotted as a function of cochlear location x, i.e., the distance to the stapes measured along
the length of the BM. The “cochlear pattern” as we call it, is shown in Fig. 1(B) in the
location domain. The abscissa scale is linear rather than logarithmic and in this form the two
graphics resemble one another very much. This is due to the property of scaling symmetry
referred to in the previous section.! In what follows we will have occasion to refer to these
two representations.

How do these figures vary when we consider variations of parameters? Suppose we consider
the frequency response at a location closer to the stapes. The response as shown by Fig. 1(A)
will move to the right, the BF is higher. In contrast, when we look at the cochlear pattern
and increase the frequency, the pattern of Fig. 1(B) will shift to the left. Such considerations
are useful for the interpretation of various conditions.

Actual data are collected in the view of Fig. 1(A), with frequency as abscissa. It is useful to
realize that a forward traveling wave has the same phase course in the two views: a phase
lagthat is increasing (phase becoming more negative) when we move to the right in the
figure. Conversely, in a reverse traveling wave the phase lag decreases (phase is becoming
less negative) when going to the right. This, again, is true in both representations. Because
of the correspondence between Figs. 1(A) and 1(B) it will be easy to convert phase data as a
function of frequency to data as a function of place and to draw conclusions about their
nature—forward versus reverse traveling waves. This will be done later in this paper.

IV. RESULTS

The experimental protocol is illustrated by Fig. 2. We have designated the various tone pairs
by a variable that we have called /stage. Panel A shows the stimulus conditions in the first
presentation of the set (/stage being equal to 1). The frequency £ is the BF of the
observation location Lj. Actually, because the BF is not known until after (a part of) the
experiment has been performed, we artificially set % equal to 17 kHz. The frequency ratio is
Ry, and is constant during one run of the experiment. The higher frequency % is, more or

less arbitrarily, chosen to be equal to £ /Ry, the lower frequency £ is then equal to fo/Rf.
Panel B shows the condition for /stage equal to 2. Both frequencies are reduced by the factor
Ry. In panel C /stageis equal to 3 and both frequencies are again reduced by the factor ~;.

IThere is a small difference in shape resulting from the frequency dependence of the boundary condition at the stapes but in the figure
this has been neglected.
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In one run we have used rine of such presentations, /istage goes from 1 to 9. As argued in the
previous section responses will always be plotted as functions of frequency. In every one of
our experiments we have used maximally fwe/ve runs with different values for the ratio /.
For clarity we will plot results for only a few values of /.

In the experiments described in this paper the primary tones were presented at a level of 70
dB sound pressure level (SPL), a relatively low level for which we could expect measurable
and reliable DPs. Figure 3 shows the phase response of one of the two primary tones, the
one with frequency 5, corrected for its individual phase shift ©, as described in Sec. 11, for
one experiment. The abscissa is the tone’s frequency %. Each curve of Fig. 3 shows the
phase for one value of the frequency ratio /2, and connects symbols indicating the nine
“stages,” i.e., positions of the tone pair (where /isfage=1 corresponds to the rightmost point in
each curve). For the ratio /2, we have selected three values from the set of frequency ratios
employed, see the legend inside the figure. As expected, the phase curve of the primary tone
demonstrates a forward traveling wave. The dotted curve shows the single-tone phase as
function of frequency as it has been derived from a composite-spectrum file (see Sec. Il) at
the level of 80 dB per octave. The phase of the single primary tone deviates slightly from the
tone phase derived from the composite-spectrum file, the difference is not consistent enough
to be attributed to two-tone interaction.

Figure 4 displays the course of the phase of the DP with frequency 2 fi—% as a function of
the DP frequency 7op, for the same experiment. The DP phase is corrected with 20, — ©, as
described above. Each curve shows the phase for nine positions of the tone pairs; the
different curves relate to different values of the frequency ratio /y, see the inside legend.
This figure answers the principal question of the present paper. If the DP wave were a pure
reverse traveling wave, its phase lag at location Ly would be smaller for higher than for
lower frequencies and its phase function would thus have a positive slope, it would rise
upwards. Obviously, this is not the case: the curves bend downwards. In terms of the x-
domain representation of Fig. 1(B) (the cochlear pattern) this indicates a forward traveling
wave. This result demonstrates that the DP wave—which theoretically would be starting
approximately from the x>-region—is not a pure reverse traveling wave, but it appears here
in the form of a forward traveling wave. We have termed this effect “inverted direction of
wave propagation,” abbreviated: IDWP. We note that IDWP is similar to the effect found by
Ren et al. (2006) and thus the data serve as an independent confirmation of the earlier
findings. To the figure has been added as a dotted curve the nearly continuous phase
response for a pure tone, as in Fig. 3. The general course is the same as that of the data but
note: the curves are not parallel.

In this figure—as well as in later figures—we have plotted only data in which the peak in
the spectrum at the DP frequency is more than 8 dB above the level of the surrounding
components. The DP peaks generally become smaller for lower % and larger /7, values, and
often cease to meet this criterion. When this is the case we have not included these points,
and that is why in later figures we see isolated points or groups of points.

Figure 4 is for the experiment labeled “nov27.” Figures 5 and 6 show the phase of this type
of DP for two other experiments, “nov24” and “nov30,” respectively. All three figures
demonstrate the same basic feature, IDWP. The latter two figures also indicate the transition
from a reverse traveling wave—a small positive slope on the left side of the curves—to the
more pronounced negative slope of the forward traveling wave. Figure 7, finally, includes a
few results obtained with stronger primary tones, where we may expect clearer evidence of
that transition. However, we are unable to show exactly where the forward wave changes
into a reverse traveling wave because even with the stronger stimuli the signal-to-noise
ratios are too small in and below the transition region. Concurrently, deviations and errors in
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this region are quite large. In every one of these four figures a dotted curve derived from the
same experiment has been added. These curves are slightly different but can serve as
guidelines.

V. DISCUSSION OF EXPERIMENTAL RESULTS

In our experiments the laser beam was reflected from a gold-coated bead placed on the BM.
This allowed us to use fairly weak primary tones (note that the two tones were given the
same level). In contrast, in some of his early experiments (done without beads) Ren was
forced to use higher levels, and doubts have risen that his results were perhaps due to those
high levels. That this is not so has been proven in the most recent series of experiments in
his laboratory (He et al., 2007) in which very low levels—down to 40 dB—were used. We
have chosen our stimulus level in the intermediate range (basically, 70 dB) in the hope to be
able to see both the reverse and forward segments of the DP wave. This hope was not
fulfilled; even the use of higher levels did not help us.

In the interpretation of our results we need the assumption that at their peak points the two
primary tones have the same phase if they are started at the stapes with the same phase. This
condition is equivalent to the condition that the cochlea scales log frequency to location, a
property that is generally accepted to be true in the basal turn. In the data of Figs. 4 and 5 the
ratio of the highest to the lowest frequency is 2.8, or not more than 1.5 octaves, sufficiently
small to justify this assumption.

Another subject involved in interpretation of our results is the influence of reflection at the
stapes. Suppose the original reverse traveling wave starting from the x,-region undergoes
substantial reflection at the stapes. Can the resulting forward traveling wave ever be larger in
amplitude than the original reverse traveling wave? The answer is yes but this can only
occur within (or apical to) a region where appreciable amplification for the DP frequency
exists. That is, we could only expect a dominant forward traveling DP wave in the “active”
region associated with the DP frequency. In practice this is the region apical to that occupied
by the primary tones. Clearly, this is not what our data tell us; hence the observed forward
traveling wave is not a reflected wave.

In connection with the transition from reverse to forward traveling wave one of the
conclusions of Dong and Olson (2007) should be recalled. They found that, in the path from
the interaction region to the stapes, there is a net reverse traveling wave. Furthermore, they
detected evidence of place-fixed DPs. In their work they report a considerable degree of
variability in the data (possibly due to multiple causes). We also found much variability in
our data and we believe this is due to random errors. Nevertheless, the trend of the forward
traveling wave is a robust feature of the DP waves in our findings. We will come back to the
subject of data errors, place-fixed DPs and variability later on.

A few more general observations can be made. Consider the figures showing the DP phase
for different frequency ratios. In almost all cases the curves for different frequency ratios
align neatly. Why would that be so? Consider one point on the abscissa, one frequency.
When the frequency ratio is increased, keeping the DP frequency the same, the effective
location of the DP source moves to the left in the x domain. This shift entails only a small
shift of the overall phase pattern, and thus the phase recorded at location Ly remains nearly
the same. In addition, the dotted curves are not exactly parallel to the data curves, which
indicates that the various forward DP waves cannot be regarded as if they originate from an
invariant location.

J Acoust Soc Am. Author manuscript; available in PMC 2013 May 08.
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VI. GREAT EXPECTATIONS

In a previous paper (de Boer et al., 2007) theoretical predictions for DP waves were
presented. The computations were based on a “classical” model of the cochlea, a model in
which the BM impedance expresses the precise relation between the BM velocity and the
across-membrane pressure difference, at the same location. In that case the BM impedance
is a /ocal parameter, a driving-point impedance which has all the system-theoretical
properties of driving-point impedances (Guillemin, 1957; Diependaal and Viergever, 1983).
By way of the “inverse solution” the BM impedance can be derived from a given BM
response function, see de Boer ef a/. (2007) and its references for details. For the
computations in that paper one experiment, coded 19922, was selected in view of the very
smooth form of the BM impedance functions, both for low and for high levels. The
computations produced the theoretical course of the DP wave with frequency 27 — % in the
model, as a function of the location variable x. For the purpose of that paper the frequencies
f; and £, of the two primary tones were chosen to be above the reference frequency £
(which simulates the BF of the measurement location Lg). In that earlier work we found that
9 out of 55 experiments produced a BM impedance function that was smooth enough for the
purpose of that study.

We now turn to the series of eight experiments performed for the present study. Fortunately,
we found two animals of which the data can be used for a similar purpose. Accordingly, the
computer program for Figs. 5-7 of that earlier paper (de Boer et a/., 2007) was inspected
whether it would work with primary-tone frequencies well below #. The stimulus-response
data on which the figures were based were obtained from stimulation with broadband noise,
measured in the same animal. In the earlier program only the frequency range from 6.42 kHz
upward was included in the projection to the xaxis. To accommodate frequencies below 17
kHz better the model was modified to work upward from lower frequencies. It later turned
out that this expedient was not strictly necessary; hence the earlier program was retained
with only minor modifications. The abscissa in the figures to follow goes from 0 to 7 mm;
the model had a length of 12 mm. The result, the theoretical DP wave derived on the basis of
data from experiment ‘apr23,” is shown by Fig. 8. Response and underlying impedance
functions for this animal are not as smooth as in the earlier paper (data not shown). The
thick gray dashed curves show the shapes of the cochlear amplitude patterns produced by
two relatively strong tones, presented at approximately 70 dB SPL2 and having a frequency
ratio equal to 1.08. This value is in the middle range of the values used in the preceding
figures. The two frequencies £ and % are then 14.57 and 15.74 kHz, respectively, and the
DP frequency 2/ - £ is 13.4 kHz. The locations corresponding to these three frequencies
are indicated by triangles on the bottom of the figure. The thin dotted curve in the figure,
labeled “amplitude of hypothetical 2 -5 response,” can be seen as a reference response. It
is the response that a pure tone of 13.4 kHz would produce if it were generated at the stapes.
Note that its peak is somewhat sharper than those of the primary tones because the
hypothetical response corresponds to a very low level (20 dB), comparable to that of DPs.

The DP wave (with frequency 24 - %) is generated by nonlinear distortion in the region
where the two patterns generated by the primary tones overlap. The manner in which the
resulting DP wave is computed, from primary-tone excitation patterns via nonlinear
distortion in OHCs to the creation of a cochlear DP wave, has been described in detail in de
Boer et al. (2007). The amplitude of the DP wave, labeled “DP BM velocity amplitude,” is
shown by the thick solid curve; it shows a peak at the location corresponding to its “own”
frequency (13.4 kHz). The thick black dashed curve in the figure, labeled “DP BM velocity
phase,” shows the computed phase pattern of the DP wave. Note that in the present paper the

2As in the cited paper, amplitudes of primary tones are not drawn to scale.
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phase scale has been expanded with respect to the figures in our earlier paper. This DP phase
curve shows what we intuitively expect the DP wave’s phase to be. On the left side of the
overlap region the DP wave travels to the left—toward the stapes—and to the right of this
region the DP wave travels to the right—in the direction of the helicotrema. In the center of
the overlap region the computed phase is more or less constant over a small stretch. In
summary, according to the theory of the classical model, a reverse traveling wave travels
from the overlap region to the left (towards the stapes) and a forward traveling wave to the
right (towards the helicotrema).

Figure 9 is a copy of Fig. 8; it shows the same predicted DP wave (the 13.4 kHz reference
response curve has been omitted) for the frequency ratio of 1.08. Added to this figure are
selected phase data (for three frequency ratios 1.05, 1.08 and 1.11) from the same animal
(see Fig. 7), converted from the (DP) frequency to the place domain in the manner indicated
by Figs. 1(A) and 1(B), and plotted in color. It is obvious that the measured phase of the DP
wave goes in the opposite direction of the predicted response, demonstrating IDWP in the
experimental data. Note that the average negative slope in the experimental data (the
measured forward traveling wave) is of the same order of magnitude as the positive slope
(the reverse traveling wave) in the prediction. From the comparison it becomes clear what is
the size and extent of the IDWP effect. At first sight it may appear as a minor deviation, but
it cannot be dismissed as a result of errors in the data or a shortcoming of the theory. This
means that we should try to discover the origin of this effect. Figure 10 has the same layout
as Fig. 9 but shows prediction and data from another one of the animals used in the present
study. This figure fully confirms our conclusions from the preceding figure.

VIl. GLOBAL THEORETICAL CONSIDERATIONS

The findings of Ren ef al. (2006) and our present confirmation of them constitute an obstacle
to the classical theory of cochlear mechanics. A classical model of the cochlea has a BM of
which the mechanics is a /ocal property. It has been shown, by de Boer et a/. (2007) and
Shera et al. (2007), that in a classical model with smoothly varying parameters only a
reverse traveling wave arises between the response peak of the % tone and the stapes. Our
Fig. 8 confirms this prediction for the present set of conditions. Therefore, IDWP in the
sense as we mean it here is not compatible with current theory.

Classical and nonclassical models and their interrelation have been studied by the first-
named author (de Boer, 1997). In a classical model forward and reverse traveling waves
undergo the same amount of amplification or attenuation and have the same velocities of
propagation. In a nonclassical model this premise is not true. Indeed it has been found that a
feed-forward model does not have the same properties for forward and reverse traveling
waves (de Boer, 2007). If the feed-forward model is designed in such a way as to show wave
amplification for forward traveling waves, it will show wave atfenuation for reverse
traveling waves. A similar property is valid for a feed-backward model: if the model is
designed to produce amplification for forward traveling waves, it has attenuation for reverse
traveling waves. On the other hand, the propagation velocity is the same for forward and
reverse traveling waves.

Examples of nonclassical models are feed-forward models (Steele et al., 1993; Geisler and
Sang, 1995; Fukazawa, 1997; Lim and Steele, 2003) and feed-backward models. A
combination of these two has been analyzed, too (Steele et al., 1993; de Boer and Nulttall,
2003; Wen and Boahen, 2003), because neither form is realistic by itself. Other examples of
nonclassical models are models with more than two compartments (e.g., Hubbard, 1993).
Because a general unifying theory of these models does not exist we are forced to leave
these models out of consideration.

J Acoust Soc Am. Author manuscript; available in PMC 2013 May 08.
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It will not be surprising that a feed-forward model designed to amplify forward traveling
waves can show IDWP for the DP wave. This is so because the reverse traveling DP wave
starting in the %A-region will be rapidly attenuated so that the forward traveling wave which
also arises in that region will dominate. However, a pure feed-forward model is not
satisfactory because such a model would show exceedingly weak otoacoustic emissions.
Furthermore, the process of coherent reflection (Zweig and Shera, 1995; Shera et a/., 2005;
de Boer and Nuttall, 2006b), a prerequisite for a valid cochlear model, would be severely
hampered.

As an alternative, we can consider corrugations in the mechanics of the cochlear partition. In
Fig. 8 of the present paper we have used data from a particular animal to derive predictions
on wave travel. We have selected that animal on the basis of smoothness of response and
BM impedance functions, in other words, on the basis of minimal corrugations. The theory
that we applied to derive the predicted response includes the possibility of internal
reflections from BM corrugations. In the case of Fig. 8 the computation does not predict
IDWP. In other animals, as in some of those of the present series of experiments, response
and BM impedance functions are not as smooth, and the corrugations could have given rise
to local reflection. However, it has not been found possible to force IDWP to occur by
imposing random cochlear irregularity on a model with a smooth BM impedance function
(data not shown, for the technique see de Boer and Nuttall, 2006b). As a last possibility, we
should consider inadequacy of our method of data processing, i.e., the “inverse” solution. It
may be that the actual “active” process in the cochlea extends over a larger distance towards
the stapes than is revealed by our BM impedance results. We have little or no evidence on
such a shortcoming. In summary, a satisfactory explanation of the phenomenon of IDWP
has not yet been found.

VIIl. CONCLUSIONS

We have executed a series of experiments on the phase of distortion products (DPs), directed
at finding the nature of the DP-associated wave inside the cochlea. We focused on the DP
with frequency 2/ — £ where £ and % are the frequencies of the two stimulus tones. The
movements of the BM were measured with a laser interferometer, at a location Ly with a
best frequency around 17 kHz. The frequencies # and £ always were below 17 kHz and
were varied over more than one octave, keeping their frequency ratio constant. In this way
the cochlear DP wave was monitored between the generation location (assumed to be near
the H-associated location) and the (fixed) observation location Lg. It was found that in this
region a segment of the DP wave runs in a counter-intuitive direction: it is a forward and not
a reverse traveling wave. Our data confirm the findings of Ren et a/. (2006) and He et al.
(2007) in this respect. We conclude that for the DP with frequency 27 - % a substantial
forward traveling wave exists in the region around the location associated with the
frequency %, and that a reverse traveling wave develops more towards the stapes. These
findings are presenting an obstacle to present-day cochlear theory. Further study is necessary
to find out under which conditions this anomaly of wave propagation (which we call IDWP)
exists before it can be attempted to explain this phenomenon.
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FIG. 1.

Panel A: Frequency response, the response of the cochlea measured at one location (Lg) as a
function of (log) frequency. Panel B: Cochlear pattern, the response for one frequency (/)
as a function of location x (distance from the stapes). Solid curves: amplitude plotted
logarithmically, dashed curves: phase plotted linearly.
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Experimental protocol, frequency scale is logarithmic. Frequencies £/ and 4. Frequency
ratio Ry equals A/f. The frequency £ is equal to 17 kHz, close to the BF of the observation
location. Panel A, istage=1: The higher frequency 5 is equal to /7y, the lower frequency £

is equal to fO/R%. Panel B, istage=2: Both frequencies are reduced by the factor /. Panel C,
istage=3: Both frequencies are again reduced by the factor /. For each value of /7 nine of
such conditions are used in the experiments.
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FIG. 3.

Frequency f2 (kHz)

The phase of the primary component with frequency #% in the recorded spectrum, plotted
against its own frequency, for animal “nov27.” Each of the curves encompasses the set of
values of istage from 1 to 9, whereby begin and end are marked with a code signifying the
frequency ratio %A/#; (see legend inside figure). Only three ratios were used in this
experiment. The dotted curve, marked “transfer function,” shows the phase as a function of
frequency derived from the composite-spectrum file measured at the level of 80 dB per

octave, for the same animal.
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FIG. 4.

Experiment “nov27.” The phase of the DP with frequency 2# — % produced by presentation
of two tones with frequencies A and %, plotted against the DP frequency 7op. Tone levels:
70 dB SPL. The DP tone’s phase shows an increasing lag with increasing frequency (%),
denoting a forward traveling wave. The dotted curve, marked “transfer function,” shows the
phase as a function of frequency, for the same animal, in the same way as in Fig. 3. This
curve is used as a guide; it does not run parallel to the DP-data curves.
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The same as Fig. 4, but from a different animal, experiment “nov24.”
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FIG. 6.
The same as Fig. 4, but from a different animal, “nov30,” with different ratio values. In this
case a hint of the transition between a reverse and a forward traveling wave is visible.
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FIG.7.

The same as Fig. 4, but from a different animal, “apr23.” In an attempt to display the
transition from reverse to forward traveling wave better, a few records with stronger primary
tones are included. This attempt was not very successful.
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FIG. 8.

Solid and coarsely dashed curves: Predicted cochlear pattern of the distortion product (DP)
with frequency 27 — £ where £ and 5 are the frequencies of the primary tones. Computed
with a “classical” model of cochlear mechanics (de Boer et al., 2007) based on responses to
noise signals in experiment “apr23”—uwith low-level BF equal to 19.23 kHz. Reflection of
the reverse traveling wave at the stapes has been reduced. Actual length of the model: 12
mm. The triangles on the abscissa denote the locations corresponding to the frequencies 5%,
fiand 2£; — £ (from left to right). The location corresponding to 17 kHz is at 3.9 mm. Gray
dashed curves: cochlear response patterns produced by primary tones with frequencies of
14.57 and 15.74 kHz, respectively. The DP wave has a frequency of 13.4 kHz. Finely dotted
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curve: relative amplitude of a hypothetical tone with the frequency 2/ - £ as if it were
generated at the stapes.
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FIG. 9.

Partial copy of Fig. 8, with actual data (from the same animal) added in color. Dashed lines
with crosses and symbols: selected DP phase responses (Fig. 7) transformed from the (DP)
frequency to the location domain. This figure shows the true nature and extent of inverted

direction of wave propagation (IDWP) in the cochlea.
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FIG. 10.

Predicted amplitude and phase of DP wave, based on responses to noise signals in
experiment “jan02” (low-level BF equal to 19.53 kHz). Measured DP phase values for the
same experiment are added in color. Layout as in Fig. 9.
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