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Distortion-product otoacoustic emissions (DPOAEs) were measured as level/phase (L/P) maps in
humans, rabbits, chinchillas, and rats with and without an interference tone (IT) placed either near
the 2f;—f> DPOAE frequency place (f4p) or at one-third of an octave above the f, primary tone (1/3-
oct IT). Vector differences between with and without IT conditions were computed to derive a re-
sidual composed of the DPOAE components removed by the IT. In humans, a DPOAE component
could be extracted with the expected steep phase gradient indicative of reflection emissions by ITs
near fqp. In the laboratory species, ITs near fg, failed to produce any conclusive evidence for reflec-
tion components. For all species, 1/3-oct ITs extracted large DPOAE components presumably gen-
erated at or basal to the IT-frequency place that exhibited both distortion- and reflection-like phase
properties. Together, these findings suggested that basal distortion components could assume reflec-
tion-like phase behavior when the assumptions of cochlear-scaling symmetry, the basis for shallow
phase gradients for constant f,/f; ratio sweeps, are violated. The present results contradict the com-
mon belief that DPOAE components associated with steep or shallow phase slopes are unique sig-
natures for reflection emissions arising from fy, or distortion emissions generated near f5,

respectively. © 2011 Acoustical Society of America. [DOI: 10.1121/1.3560123]

PACS number(s): 43.64.Bt, 43.64.Jb, 43.64.Kc [WPS]

NOMENCLATURE

BM basilar membrane
DP-gram DPOAE level as a function of the f, primary-
tone frequencies

DPOAE distortion-product otoacoustic emission
DSP  digital signal processor
fi./> lower- and upper-frequency primary tones,
respectively
f>/fi ratio describing the frequency separation of f;
and f>

fap  distortion-product frequency place
FFT fast Fourier transform
IT interference tone
L/P level/phase map
Ly, L, level of f; and f>, respectively
NF noise floor
OHC  outer hair cell
oct octave
SFOAE stimulus frequency otoacoustic emission
TW traveling wave

. INTRODUCTION

A well-established concept in the otoacoustic emissions
(OAEs) literature is that the generation of distortion-product
otoacoustic emissions (DPOAEs), especially in humans, is
adequately described by a two-source model (e.g., Shera and
Guinan 1999; Talmadge et al., 1999; Knight and Kemp
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2000, 2001; Kalluri and Shera, 2001; Konrad-Martin et al.,
2001; Dhar et al., 2005). In this formulation, one source is
thought to arise from the nonlinear interactions between the
f1 and f, primary tones, near the peak of the f, traveling
wave (TW). Shera and Guinan (1999) referred to this constit-
uent as the “generator” or “distortion” component, while
Knight and Kemp (2000) described it as a “wave-fixed”
component. This component is thought to travel both api-
cally and basally within the cochlea. When the apically trav-
eling segment arrives at the 2f;—f, DPOAE frequency place
(fap) on the basilar membrane (BM), a second component,
which is presumably generated by a coherent-reflection
mechanism, travels basally to produce another DPOAE
source referred to as the “reflection component” (Shera and
Guinan, 1999), or a “place-fixed” component (Knight and
Kemp, 2000). Thus, the prevailing view is that lower-side-
band DPOAE:s (e.g., 2f1—f>) conform to a two-source model
with the emissions arising from two discrete locations asso-
ciated with distinct mechanisms of generation.

These two generation mechanisms are thought to be
associated with characteristic phase behaviors. The so-called
distortion source exhibits shallow phase gradients as a func-
tion of DPOAE frequency due to cochlear-scaling symmetry
(Zweig and Shera, 1995; Shera and Guinan, 1999; Shera
et al., 2000). This scaling factor results in horizontal phase
banding in DPOAE level/phase (L/P) maps when DPOAE
phase is plotted as a function of the DPOAE frequency with
the f>/f) ratio held constant (e.g., Knight and Kemp, 2000,
2001; Martin et al., 2009, 2010a,b). In contrast, the reflection
source exhibits steep phase gradients because, as the primary
tones are swept, successively different “reflection” regions
are encountered as a function of fy,, and consequently,
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DPOAE phase varies rapidly. This property presumably
results in vertical phase banding in DPOAE L/P maps.

Recently, by using interference tones (ITs) in human sub-
jects to manipulate their DPOAE L/P maps, Martin et al.
(2009) presented evidence that questioned the above assump-
tions that DPOAEs with steep phase slopes arise exclusively
from near fy,, and that those with shallow slopes arise primar-
ily from near the peak of the f, TW. In the Martin et al.
(2009) study, to remove the reflection component, DPOAE L/
P maps were obtained with and without an IT placed near fqp,.
Vector differences computed between these two conditions
revealed the reflection component to be a small patchy
“residual” accompanied by narrow vertical phase bands repre-
senting the DPOAE components “taken away” by the IT.
However, DPOAE L/P maps measured in the presence of the
IT still contained significant regions where DPOAEs with ver-
tical phase banding remained. By placing an IT 1/3 octave
above f, (i.e., 1/3-oct IT), these DPOAEs accompanied by
vertical banding could be removed thus inferring that they
represented basal DPOAE components. In the resulting resid-
uals, these emissions as well as a significant component with
horizontal banding at wider f>/f ratios could be readily visual-
ized. Such emission components presumably make up part of
a distributed source of DPOAESs generated at and above the 1/
3-oct IT frequency place in the tails of the primary-tone TWs,
especially at the higher primary-tone levels necessary to ac-
quire DPOAE L/P maps from humans.

The above findings in humans were further elaborated
upon in subsequent experiments in both normal and noise-
damaged rabbit subjects (Martin et al., 2010a,b). In normal
rabbit ears, essentially no reflection components were
extracted by ITs near fy,. Thus, in this species, vertical phase
banding in the DPOAE L/P maps was not attributed in any
part to a reflection component from fy,. As in humans, a 1/3-
oct IT removed most 2f;—f, DPOAEs with vertical phase
banding characteristics at narrow f>/f; ratios, along with most
of the 2f,—f; DPOAE:s as well. At wider f5/f; ratios in normal
rabbit ears, again as in humans the residual also contained
appreciable 2f;—f, DPOAE components with horizontal phase
banding. Further studies in rabbit ears with restricted noise-
induced lesions ruled out the effects of the IT on primary-tone
levels, or possible catalyst effects (see Fahey et al., 2000), as
alternate explanations for the apparent basal source of
DPOAEs. To summarize, the rabbit findings (Martin et al.,
2010a,b) convincingly demonstrated the presence of DPOAE
components arising basal to the 1/3-oct IT that exhibited ei-
ther distortion- or reflection-like phase characteristics.

The present study replicates the above findings of basal
DPOAE components in normal human and rabbit ears and
extends the results to chinchilla and rat subjects. The results
presented below establish the generality of the above out-
comes, and demonstrate that they are in no way unique to
rabbits, but are a characteristic of DPOAEs in both humans
and in some common laboratory species. Thus, the normal
ears of all four species exhibited vertical phase banding in
DPOAE L/P maps that was not removed by ITs near fy,.
Such DPOAE components were, however, substantially
reduced or removed by a 1/3-oct IT, again strongly implicat-
ing a region at or above the IT-frequency place as their
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source of origin. At or near “optimal” f>/f| ratios, all four
species also revealed residual DPOAE components with hor-
izontal phase banding that seemed to originate from basal
cochlear locations. Overall, the present results establish the
presence of substantial basal DPOAE components in both
humans and in some common laboratory animal species.

Il. METHODS
A. Subjects

Ten normal-hearing humans (n =35 male, n=35 female),
and several representatives of three other species [n =4 female
rabbits (3—4 kg); n=2 female chinchillas (400-500 g); n=2
male rats (300400 g)] served as experimental subjects. Human
subjects (mean age=28.6+5.25 yr) demonstrated normal-
hearing levels bilaterally of <10 dB HL at all standard audio-
metric test frequencies, at octave intervals between 0.250 and 8
kHz, along with normal DPOAEs compared to our laboratory’s
human database. In addition, rabbit subjects showed normal
cochlear function in both ears as measured by DPOAE level as
a function of the f> primary-tone frequencies (DP-grams), which
were comparable to those in our laboratory’s extensive norma-
tive rabbit DPOAE database. The chinchillas and rats had ro-
bust DPOAEs, but no other measures were performed to
confirm their hearing status.

DPOAE testing for the human subjects and the three
laboratory species was performed in a sound-attenuated
chamber. Humans were tested while seated in a reclining
lounge chair. Rabbits were first habituated to being confined
in a standard Plexiglas rabbit holder (Plas Labs, Lansing,
MI) and were tested while awake. Chinchillas were tested
while anesthetized by 2.0%—2.5% isoflurane inhalation anes-
thesia, whereas rats were examined while anesthetized by an
intramuscular injection of ketamine (44 mg/kg) and xylazine
(7 mg/kg), with supplementary doses administered as
required. The study protocols were approved by the VA Loma
Linda Healthcare System’s Institutional Review Board (IRB)
for humans and their Institutional Animal Care and Use Com-
mittee (IACUC) for the three laboratory-animal species.

B. DPOAE measures

All experimental methods utilized for humans (Martin et
al., 2009), rabbits, chinchillas, and rats (Martin et al.,
2010a,b) were highly similar to those described previously.
For all subjects, DP-grams as a function of the f, frequency
were measured in 0.1-oct steps at optimal f5/f; ratios and at
various Ly, L, levels to establish normal baseline DPOAEs.
The equipment used to measure DPOAESs was similar to that
described recently (Martin et al., 2009, 2010a,b). For all spe-
cies besides the rat, this equipment consisted of a microcom-
puter (Apple, Macintosh Quadra 700, Cupertino, CA), a two-
channel digital-signal processing (DSP) board (Digidesign,
Audiomedia, Palo Alto CA), two ear-speakers (Etymotic
Research, ER-2, Elk Grove Village, IL), and a low-noise
microphone assembly (Etymotic Research, ER-10A, Elk
Grove Village, IL). In concert, this equipment generated
the two primary tones, i.e., f; and f5, and simultaneously
measured the level of the ear-canal sound pressure. For
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DP-grams, the ear-canal signal was synchronously sampled
at 44 100 Hz and averaged (humans n = 8; laboratory species
n=4) to obtain a 4096-point sample. From a fast-Fourier
transform (FFT) of the time sample, the 2f;—f, and 2f5—f}
DPOAESs and associated noise-floor (NF) levels were meas-
ured. The NF was based upon the average of n =8 frequency
bins on either side of the DPOAE-frequency bin, excluding
the first bin on either side of the DPOAE frequency.

In the rat, a dynamic signal analyzer board (NI PCI-
4461, National Instruments, Austin, TX) was used with the
sampling rate set to 176 400 Hz for a 16 384-point sample to
measure DP-grams. The NF in this case was based on the av-
erage of n =12 bins on either side of the DPOAE-frequency
bin, excluding the first six bins on either side of this bin. All
other equipment for rats was as described above for the other
species, except that an Etymotic ER-10B+ microphone sys-
tem was used instead of the ER-10A.

C. DPOAE level/phase (L/P) maps

DPOAE L/P maps formed the primary basis for compar-
ing DPOAEs between the four species. These maps were
created by measuring DPOAE:s in response to constant-ratio
sweeps where f>/f; was varied from 1.025 to 1.5, in 0.025
increments. The L/P maps can be thought of as a collection
of DP-grams arranged so that DPOAE frequency steps of
~44 Hz can be plotted along the abscissa. For all species,
DPOAEs were measured from 0.5 to 6 kHz, with f; ranging
from 0.258 to 12.016 kHz, and f5 from 0.366 to 18.023 kHz.
DPOAE L/P maps were based upon an FFT of an averaged
2048-point time sample for all species except the rat, which
as noted above, was the same as that used to obtain DP-
grams. DPOAE level was then directly plotted (Microsoft
Excel 2003, v.11.5, Redmond, WA), while phase, before
plotting, was corrected for primary-tone phase variation and
unwrapped by “looking” in two directions (ratio and fre-
quency) using custom-developed spreadsheet routines. Final
plots were constructed using technical-computing software
(MathWorks, matLAB, v.R2010A, Natick, MA). The result-
ing DPOAE L/P maps were highly similar to those described
by Knight and Kemp (2000, 2001) in which DPOAE magni-
tude and phase were plotted as a function of the f>/f; ratio
and DPOAE frequency. The primary-tone levels were cho-
sen to be just intense enough to produce robust emissions
throughout the L/P map for each species. Thus, in humans,
these maps were obtained with L; =L, =75 dB SPL, while
in the other species L; =L, =65 dB SPL was used.

DPOAE L/P maps were produced with and without
(control) an IT placed either at 44 Hz below the DPOAE fre-
quency, or with an IT placed at one-third of an octave above
f> (.e., 1/3-oct IT). The IT was digitally mixed with f; and
the two-component signal presented on the f; channel. The
IT was also rotated in phase by 90° after each sample in
order to cancel the majority of emission components pro-
duced by the addition of a third tone in the final average,
which was composed of either four or eight samples (see
Fahey et al., 2000). The ITs were presented on alternate tri-
als to minimize any effects due to either cochlear efferent ac-
tivity or time-dependent changes in the measured DPOAE:s.
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In humans, the IT near f4, was set to 65 dB SPL and the 1/3-
oct IT was presented at either 75 or 80 dB SPL. In the three
laboratory species, the IT near fy, was set to 55 dB SPL and
the 1/3-oct IT was presented at 75 dB SPL. To reveal the
effects of the IT, vector differences were computed between
control DPOAE L/P maps and those obtained in the presence
of the IT to produce residual DPOAE L/P maps. The magni-
tude and phase of the DPOAE L/P maps in the presence of
the IT, and the resulting residual maps were plotted identi-
cally to the control maps.

DP-grams with and without the IT and the resulting re-
sidual were extracted from the DPOAE L/P maps for
humans (f,/f; =1.2) and for the other species (f>/f; =1.25)
near their optimal primary-tone ratios. So that the DP-grams
could be easily compared to the DPOAE L/P maps they
were plotted as a function of DPOAE frequency rather than
the more typical f, frequency. The phase of the residual was
unwrapped in the frequency direction and described as a
function of DPOAE frequency and phase in cycles. Plotted
in this manner, the slope is in units of time and thus can be
thought of as a delay in milliseconds.

lll. RESULTS

The results presented below first illustrate for each of
the four species the DP-grams and residuals extracted from
the DPOAE L/P maps at their optimal f>/f; ratio. The DP-
grams with and without an IT placed near the fy, (panel Al)
or for a 1/3-oct IT (i.e., the IT placed 1/3 octave above fo,—
panel A2) are equivalent to those that can be obtained by the
more traditional DP-gram methods. The A3 plot near the top
right of each figure compares the resulting phase gradients
of the residuals obtained for each of the DPOAE-level
results illustrated in panels Al and A2. In the B and C panels
below, these findings are expanded across a broad range of
f>/f ratios by presenting a series of DPOAE L/P maps. The
legends at the top right describe the DPOAE magnitudes and
phases. In general, the darker shading of the top legend rep-
resents the lower-level emissions, while the lighter shading
depicts mid to higher level DPOAEs. The DPOAE phase
legend below is partitioned into 45° sections, with phase
advancing in a counterclockwise direction. While the print
versions of the figures are in various shades of black and
gray, their online counterparts are in color.

A. DPOAE components in humans: DP-grams at
optimal ratios and DPOAE L/P maps

Panel A at the top of Fig. 1 presenting measures from
the right ear of the representative human subject HV9-R
demonstrates the ability to extract DPOAE components from
both near the fy, as well as DPOAE constituents presumably
arising basal to a 1/3-oct IT. The first plot in Fig. 1-A1 at left
shows DP-grams and residuals extracted by an IT near the
fap» while a similar plot is shown in panel Fig. 1-A2 for the
outcome of introducing a 1/3-oct IT. A third plot in A3 com-
pares the resulting phase gradients of the residuals obtained
for each of the DPOAE-level results illustrated in panels Al
and A2. Note that the phase line style matches with that of
its amplitude residual counterpart in Figs. 1-Al and 1-A2. A
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FIG. 1. (Color online) (A) DP-grams and (B, C) DPOAE L/P maps for a normal human measured at L, L, =75, 75 dB SPL. DP-grams in Al obtained with
an IT near fq, (light gray line at top) or without an IT (black line) demonstrate the ability in humans to extract a residual with a steep phase gradient (dashed
gray line in A3) consistent with a DPOAE reflection component from fy;, (dashed gray line at bottom in Al). DP-grams in A2 show that an even larger residual
(gray line at bottom) with shallow phase slope (light gray line in A3) indicative of a distortion component can be obtained with a 1/3-oct IT. Panel B shows
DPOAE L/P maps with the IT near fy,. The IT removes some, but not all of the vertical phase banding (white arrows in B4) and extracts a small patchy resid-
ual (BS) with vertical phase banding (white arrows in B6). Panel C shows the effects of a 1/3-oct IT on DPOAE L/P maps. Here the IT removes essentially all
the vertical phase banding (C4) and extracts a residual (C5) with both horizontal (black arrow in C6) and vertical phase bandings (white arrow in C6) suggest-
ing that DPOAE components with both reflection- and distortion-like properties arise basal to the IT in humans. On this and subsequent figures, the black
dashed horizontal lines on the level and phase plots demark the optimal f,/f; ratio for acquiring commonly measured 2f;—f> DP-grams. On all DPOAE L/P
maps, data for the 2f)—f, and 2f,—f; DPOAE:s are displayed above and below, respectively, the white dashed horizontal line at f>/f; = 1.0 (not labeled). The
thin white diagonal dashed lines through the phase plots (panels B and C—2, —4, —6) represent constant f> trajectories beginning at 15 kHz in the top right of
each plot, and ending at 1 kHz in the lower left region that can be used as a reference for this and other DPOAE L/P maps. See text for complete details of this
and following figures.

standard control DP-gram (i.e., no IT present) is represented
in Fig 1-A1 by the solid black line at the top of the plot. This
particular DP-gram appears to demonstrate DPOAE fine
structure as evidenced by the presence of a series of peaks
and valleys, especially around 0.5 to about 2 kHz. The thin
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gray line intertwining with this control measure shows the
DP-gram obtained on alternate trials in the presence of a 65-
dB SPL IT near the fy,. For this specific subject, the DP-
grams with and without the IT were very similar, except for
a limited amount of the often-observed reduction in fine
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structure when an IT is near the fy,. Interestingly, some of
the largest peaks and valleys in the DP-gram between ~0.5
and 1.5 kHz were relatively unaffected by the 65-dB SPL IT
in this ear. The vector difference between these two condi-
tions (i.e., control vs IT) yielded a small residual (dashed
gray line) just above the NF (shaded gray region). In the ad-
jacent A2 plot, identical data are shown, but this time the 1/
3-oct IT protocol was utilized. Again, the control (solid
black line) and the 1/3-oct IT (thin gray line) DP-grams were
quite similar. However, the 1/3-oct IT DP-gram was consis-
tently a few decibels lower in magnitude, except at the low-
est test frequencies. In addition, the DPOAE fine structure
seemed relatively unchanged apart from the aforementioned
low-frequency region, where some of the largest peaks and
valleys were diminished. The 1/3-oct IT produced a much
larger residual (thick gray line) when the vector difference
was computed, particularly in the low-frequency region
where this component likely played a role in producing the
large peaks and valleys observed for the control DP-gram
condition. This residual presumably represented basal
DPOAE components that were removed by the IT.

The plot at the far right in panel A3 displays the phase
of the DPOAE components revealed by the IT near the fqp
(sloping dashed gray line) along with those extracted by the
1/3-oct IT (horizontal solid gray line). It can be seen from
these data that the DPOAE residual extracted by an IT near
the fq4, exhibited a steep phase slope indicative of a reflec-
tion-based DPOAE component. Conversely, the DPOAE
constituent revealed by the 1/3-oct IT demonstrated a shal-
low slope that was thought to be the signature of DPOAEs
generated near the peak of the />, TW, i.e., a distortion com-
ponent. However, these latter DPOAE constituents appeared
to originate at, or basal to, the IT-frequency place at 1/3
octave or more above f>. For the 1/3-oct IT condition, the re-
sidual phase gradients were steeper for the DPOAE frequen-
cies below about 2 kHz. This outcome corresponds to a
bending over of the phase bands that can be appreciated in
the DPOAE L/P maps described below (e.g., see B2, C2).
This curvature presumably occurred because of the collapse
in cochlear scaling at the very apex of the cochlea. Overall,
these data revealed the predicted source of DPOAEs
reflected from fg, in humans, and add to the two-source for-
mulation the possibility of additional DPOAE components
generated basal to f5 in the tails of the primary-tone TWs.

The above evidence for substantial basal DPOAE com-
ponents is reinforced in much more detail in the human
DPOAE L/P maps described below where DPOAEs were
measured over a wide range of f>/f] ratios, and with DPOAE
frequencies ranging from 0.5 to 6.0 kHz. The plots in Fig.
1(B) represent the experiment in which the IT was presented
near the fy,, while those in Fig. 1(C) illustrate the outcomes
when the 1/3-oct IT was utilized. In both Figs. 1(B) and
1(C), the control DPOAE L/P maps without ITs are pre-
sented in the top row, while similar plots with ITs present
are displayed in the middle row. The plots in the bottom row
of these two panels illustrate the residual DPOAE L/P maps,
which are based upon the vector differences between the
control and either one of the IT conditions. Each DPOAE-
level map illustrated in the left columns of Figs. 1(B) and
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1(C) is accompanied by a map of the corresponding DPOAE
phase in the adjacent right columns.

In the control condition depicted in Fig. 1-B1, robust
DPOAEs were obtained for subject HV9-R that were maxi-
mal around the optimal f>/f] ratio of 1.2 (dashed black line).
For the corresponding control phase map shown in panel B2,
both horizontal (white arrow at ~f5/f; ratios of 1.3) and verti-
cal phase banding were observed with vertical banding pre-
dominately below f>/f; ratios of about 1.1 (black arrow). In
the “IT near the f3,” condition depicted in panel B3, the faint
vertical striations that were visible in the control map of
panel B1 (white arrow at top ~4 kHz), which likely
represent fine-structure interference from reflection compo-
nents, were smoothed out and no longer apparent. Addition-
ally, a few other level changes were observed consisting of
mainly a reduction in the wide-ratio 2f,—f; DPOAE levels.
In the matching phase map of panel B4, the IT near fy,
removed some of the vertical phase banding for the 2f;—f,
and 2f,—f; DPOAEs, but distinct vertical phase bands
remained for both emissions (white arrows). In the residual
condition shown in panel BS, a very small 2f,—f>, DPOAE
residual (light grays) was extracted that was just barely
above the NF (pure black). When examined closely, it is
obvious that this residual emission exhibited very narrow
vertical phase bands (white arrows) in B6, as would be
expected for a reflection DPOAE, which is consistent with
the steep phase gradient obtained for this component at the
optimal ratio (see corresponding dashed line in A3).

In Fig. 1(C), the effects of a 1/3-oct IT on the DPOAE L/
P maps of the same subject HV9-R are shown. By comparing
the IT level maps of panels C1 vs C3, it is clear that the 1/3-
oct IT removed most of the narrow-ratio 2f;—f, DPOAEs
(white arrows in C3) and essentially all of the 2f,—f; DPOAE
(black arrows below). In the corresponding 1/3-oct IT phase
plot of panel C4, it is evident that essentially all of the vertical
phase banding was eliminated by the IT in this condition,
thus, suggesting that in humans, DPOAEs with reflection-like
phase characteristics can arise basal to the 1/3-oct IT, while
only a small DPOAE component is actually reflected from the
Jap- A substantial residual was revealed in the level map of
panel C5 for this condition. The residual was largest for the
2f1—f> DPOAE at f5/f; ratios <1.2, except for low frequencies
(fap<S1.5 kHz) where it was large at all ratios (white arrow).
From inspection of panel C6, it is apparent that for the 2f;—f>
DPOAE components with both reflection (white arrow) and
distortion (black arrow above) phase properties were
extracted, while the 2f,—f| emission uniformly exhibited ver-
tical reflection-like phase banding. The residual for narrow-ra-
tio 2fj—f, DPOAEs and for all 2f,—f; DPOAEs was very
similar with respect to size and phase characteristics to the
control “no IT” condition thus implying that these emissions
are composed largely of basal sources.

B. DPOAE components in laboratory species: DP-
grams at optimal ratios and DPOAE L/P maps

For comparison purposes, DPOAE L/P maps were
measured and DP-grams extracted from these maps in rab-
bits, chinchillas, and rats under as nearly identical conditions
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FIG. 2. (Color online) (A) DP-grams and (B, C) DPOAE L/P maps for a rabbit illustrating the effects of an IT near fq, or a 1/3-oct IT. In the rabbit DP-gram
analysis, both IT conditions were capable of extracting residuals but they were associated with shallow phase slopes (A3) consistent with a DPOAE distortion
component. The DPOAE L/P maps with the IT near fy, (B) and with the 1/3-oct IT (C) supported and extended the DP-gram findings. Thus the near fy, I'T had
little effect on the DPOAE L/P maps, but did extract a small residual (white arrow in B5) with clear horizontal phase bands indicative of a distortion compo-
nent (white arrow in B6). In the 1/3-oct IT situation, the IT removed essentially all the vertical phase banding obvious in the control (C2) L/P plot, and the
DPOAEs were associated with very orderly horizontal phase bands (white arrows in C4). The residual was large (C5) and contained both horizontal (white
arrow in C6) and vertical banding (black arrow in C6) consistent with the existence of both reflection- and distortion-like components at or above the 1/3-oct

IT-frequency place.

as possible to those described above for human subjects. The
gray scales on the level maps are the same as those shown
above for humans, so that the differences in DPOAE levels
can be compared across species. Since all DP-grams and
DPOAE L/P maps have the same basic format, only the most
salient features are described for the three laboratory
species.

Figure 2 shows DP-grams and DPOAE L/P maps meas-
ured from the left ear of a representative rabbit (RV14-L)
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with normal cochlear function. In the A panels, DP-grams at
the optimal f>/f| ratio of 1.25 are illustrated for both an IT
near the fy, (Al) and a 1/3-oct IT (A2). Note in panel Al,
the relative lack of fine structure in the rabbit control DP-
gram (black line), which evidences DPOAE levels that are
much larger as compared to those displayed by the human
DP-gram (see black line in Fig. 1-Al). When the IT was
placed near the fy,, a small residual (dashed gray line in
lower portion of Al) could be extracted at low frequencies,
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along with a considerably larger one at frequencies above 4
kHz. However, unlike that in humans, this residual exhibited
a shallow phase gradient (dashed gray line in A3) indicative
of a distortion component. The 1/3-oct IT condition revealed
a very large residual component (thick gray line) illustrated
in A2 that also exhibited a shallow phase slope shown by the
solid gray line in A3. As described above for humans, a
steeper phase gradient was once more observed for DPOAE
frequencies below ~1 kHz, which again corresponds to the
curvature in the phase banding observed below in the control
phase maps of Figs. 2-B2 and 2-C2 at similar frequencies.
Thus, at optimal f>/f] ratios, rabbits did not display signifi-
cant reflection components based upon phase characteristics
that can be extracted by placing an IT near the f4,. However,
they did exhibit a large DPOAE component with a shallow
phase slope that presumably arose basal to the 1/3-oct IT,
much like that observed for humans.

Figure 2(B) presents DPOAE L/P maps obtained with
and without an IT near the fy,, while the plots in Fig. 2(C)
illustrate similar measures for the with and without 1/3-oct
IT conditions. Again, it can be noted from inspection of the
control no-IT DPOAE level map of panel Bl that rabbits
have much larger DPOAEs than humans in that their emis-
sions can approach 40 dB SPL at optimal ratios (dashed
black line) as shown here. In this particular rabbit, in the cor-
responding control phase map of panel B2, small regions of
vertical phase banding were present at f>/f; ratios <1.1 near
DPOAE frequencies of 1.5 and 5.5 kHz (white arrows).
When the IT was placed near the fy, as shown in the corre-
sponding level and phase maps of panels B3 and B4, respec-
tively, only small effects were evident. The comparable
residuals revealed by the IT near the fy, and illustrated in
panels B5 and B6 were confined primarily to DPOAE fre-
quencies >4 kHz (white arrows). In agreement with the find-
ings displayed above in A3, mostly horizontal phase banding
was observed for this residual (white arrow in B6), which is
consistent for a distortion component with a shallow phase
gradient.

For the interference condition of Fig. 2(C) in which the
IT was placed 1/3-oct above f5, the results were dramatically
different. As shown in panel C3, the 1/3-oct IT significantly
reduced the overall level of the 2f,—f, DPOAEs (white
arrow), and abolished many of the 2f,—f; DPOAE:s, espe-
cially at higher f>/f; ratios (black arrow), as compared to the
control condition illustrated in panel C1. It also eliminated a
prominent horizontal notch near an f>/f; of 1.2 in the 2f|—f>
DPOAE levels and many of the phase irregularities evident
in the control phase map of panel C2 (white arrows). This
resulted in more uniform and slightly narrower horizontal
phase bands in panel C4 (white arrows). Such observations
are consistent with the suggestion that the 1/3-oct IT
removed DPOAE components that were normally mixing in
the control condition. The residual revealed by vector sub-
traction of the IT condition and displayed in panel C5 was
large thus accounting for the reduction in DPOAE levels in
the IT condition of panel C3. The phase behavior of this re-
sidual shown in panel C6 exhibited both horizontal (white
arrow) and vertical phase bands (black arrow), much like the
control condition illustrated in C2. Overall, in the rabbit, the
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IT near the fg, had little effect on the DPOAE L/P maps, par-
ticularly for the 2f|—f> emission, while a 1/3-oct IT removed
large DPOAE components with both reflection-like and dis-
tortion phase properties. With respect to the 1/3-oct IT con-
dition, the rabbit showed effects that were similar to those
observed for human subjects. The major difference between
the two species was the lack of any measurable reflection
components arising from the fy,, in the rabbit.

Figure 3 shows data from similar experiments for the
right ear of a representative chinchilla (CV4-R). The stand-
ard DP-gram analysis (black line) displayed in Fig. 3-Al
shows a highly repeatable and notable feature of the chin-
chilla DP-gram, i.e., several prominent notches from ~1.5 to
3 kHz. These notches were unaffected by the presentation of
an IT near the fy, (thin gray line). The vector difference
between these two conditions produced a small residual
(dashed gray line below). The phase slope of this residual
above 3 kHz shown in panel A3 was shallow (dashed gray
line), similar to that observed in the rabbit (see Fig. 2-A3).
When DP-grams were obtained with a 1/3-oct IT, as evident
in panel A2, the prominent notch around 1.5 kHz was signifi-
cantly reduced and overall the IT DP-gram (thin gray line)
was smaller in level than the control DP-gram. In contrast to
the near fjy, situation, a very large residual (thick gray line)
shown in A2 was revealed that demonstrated a predomi-
nately shallow slope (solid gray line of panel A3) that was
not markedly different from the component extracted by the
IT placed near the fg4,,. In both cases, these phase characteris-
tics were consistent with a distortion component. At frequen-
cies below about 2 kHz, a steeper phase slope was again
evident for this region that corresponded to the pronounced
apical phase curvature in the control DPOAE phase maps of
Figs. 3-B2 and 3-C2. Such findings were similar to those
described above for both humans and rabbits. It appears,
then, that at optimal f>/f; ratios, any DPOAE components
that can be extracted in chinchillas exhibit phase gradients
which are consistent with distortion rather than reflection-
based mechanisms.

Figure 3(B) shows DPOAE L/P maps for the IT near the
fap condition. From scrutiny of the control DPOAE-level
map of B1, it is clear that this chinchilla displayed very large
DPOAEs for both the 2f;—f, and 2f,—f; emissions. When
present, the 2f,—f; DPOAE was considerably larger than
observed in the rabbit (see Fig. 2-B1). The notches observed
for the optimal ratio DP-grams were also apparent running
along a diagonal through the control-level map (white
arrows) of panel Bl. In the related control phase map of
panel B2, both vertical and horizontal phase banding was
again evident, with prominent vertical bands originating
near f>/f ratios <1.1 for the 2f;—f, DPOAE that were con-
tiguous with the vertical banding that corresponded to the
2f>—f1 DPOAE (white arrows). As seen previously for the
rabbit, the IT near the fy, produced little change in either
the level (B3) or phase (B4) of the DPOAE L/P maps as
compared to the control condition. However, as illustrated in
panel BS5, the IT did extract a much larger residual than
observed above for the rabbit throughout most of the level-
map area. The phase properties of this residual shown in
panel B6 were a complex mixture of horizontal (white
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FIG. 3. (Color online) (A) DP-grams for a chinchilla and (B) corresponding DPOAE L/P maps illustrating the effects of an IT near fy, or (C) a 1/3-oct IT. In
the DP-grams, regardless of the location of the IT, residuals exhibited shallow phase slopes (A3) except for a small segment associated with apical curvature
observable in the DPOAE L/P maps of all species. The IT near the fy, extracted a larger residual (B5) than in the rabbit, with a mixture of phase patterns (B6),
with some being clearly horizontal (white arrow in B6), and others being somewhat vertical (black arrows in B6) making it difficult to rule out the existence of
reflection components in the chinchilla. In the 1/3-oct IT condition, the IT removed essentially all vertical phase banding (C4) leaving behind a phase map
with very orderly horizontal-phase characteristics. The residual extracted by the 1/3-oct IT was very large (C5), and contained both horizontal and vertical

bandings again consistent with the existence of both reflection- and distortion-like components at or above the 1/3-oct IT frequency place.

arrow) and poorly defined vertical phase bands (black
arrows), unlike the rabbit, in which a small residual was
clearly dominated by horizontal phase banding. Thus, in the
chinchilla, the existence of some small DPOAE components
reflected from the fg, could not be ruled out.

For the 1/3-oct IT condition depicted in the plots of Fig.
3(C), a familiar pattern was observed that was similar to the
rabbit findings. Thus, in the IT condition, the complicated
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phase structure observed for the control condition in C2 was
turned into a very orderly horizontal phase pattern presented
in panel C4. Particularly striking in C4 was the removal of a
very prominent region of vertical phase banding for the
2f1—f> and 2f,—f; DPOAESs over the low frequencies from
~0.5 to 2 kHz, as well as essentially all the vertical phase
bands above the notch from ~3.5 kHz to the high-frequency
end of the map. Presumably, these DPOAE components with
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FIG. 4. (Color online) (A) DP-grams and (B) DPOAE L/P maps for a rat showing the effects of an IT near fy, or (C) a 1/3-oct IT. The near fg, IT DP-gram
analysis for the rat revealed a small high-frequency residual (dashed gray line in A1) with a shallow phase slope (dashed gray line in A3). A much larger resid-
ual was revealed by the 1/3-oct IT (A2) with similar phase characteristics (solid gray line in A3). In the rat the DPOAE L/P maps were characterized by a large
low-frequency component (white arrows in B1) with very striking vertical phase banding (white arrows in B2) for both 2f;—f, and 2f,—f; DPOAESs. Regardless
of the reflection-like phase properties of this component, the IT near fy, had essentially no effect on the level (B3) or phase (B4) of this or other regions of the
maps for the IT condition in spite of prominent vertical phase banding in the other DPOAEs above this low-frequency region. The small residual that could be
extracted (white arrow in B5) was dominated by horizontal phase bands (B6). In the 1/3-oct IT condition, the most remarkable feature was the ability of the IT
to almost completely remove the low-frequency component for both the 2f; —f, and 2f,—f; DPOAE:s (region of white arrows in C4) and all the associated verti-
cal phase banding (region of white arrows in C3) observed for the control condition of C2 leaving the resulting phase map (C4) dominated by nearly perfect
horizontal phase bands. Thus, a very large portion of the rat DPOAE space was apparently composed of DPOAE:s arising basal to the 1/3-oct IT place on the BM.

reflection-like phase banding originated from regions basal
to the 1/3-oct IT. Further, a large residual was revealed by
vector subtraction of the IT condition in C5 with a phase pat-
tern in C6 that was very similar to that of the control condi-
tion shown in panel C2. Overall, in the chinchilla, the type
of DPOAE components extracted by the IT near the fy, were
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difficult to interpret with evidence for a distortion compo-
nent possibly accompanied by a smaller reflection constitu-
ent. The findings for the 1/3-oct IT were similar to those
observed for the human and rabbit in that a large DPOAE re-
sidual was extracted. This residual for the 2f;—f, DPOAE
exhibited primarily distortion-like horizontal phase banding
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that was distorted by the notches, while the 2f,—f; residual
was dominated by reflection-like vertical phase banding,
which is typical for this emission.

A final data set is presented in Fig. 4 for the right ear of
a representative rat subject (VA28-75-R). In Fig. 4-A1, DP-
grams are shown for an IT near the f4, and in panel A2 for a
1/3-oct IT. It is clear for the fy, IT situation of panel Al that
both DP-grams without (black line) and with the IT (thin
gray line) were essentially superimposed, and a residual
(dashed gray line) could only be measured at DPOAE fre-
quencies >3 kHz. In addition, the IT had little effect on a
prominent notch in the rat DP-gram that can be seen as a
major feature in the DPOAE L/P maps described below. The
slope of the residual from the near the fy, condition shown in
A3 (dashed gray line) was shallow, and thus consistent with
a distortion component. In the 1/3-oct IT case illustrated in
A2, a large residual (thick gray line) was obtained at all
DPOAE frequencies, which represented a finding that was
similar to that described above for humans, rabbits, and chin-
chillas. In panel A3, this residual also exhibited a two-part
slope with the initial segment for DPOAEs <2 kHz being
steeper than the final segment that was very shallow. How-
ever, unlike that of the other species, this steep portion corre-
sponded to a unique region of DPOAEs below ~1.8 kHz
that was accompanied by almost perfectly vertical phase
bands seen below in the control DPOAE phase maps of B2
and C2 that extended across all f5/f; ratios for both emis-
sions. Thus, this component had reflection-like properties,
which clearly originated not from the fy,,, but at or above the
1/3-oct IT frequency place. The remaining residual above
this region had a shallow phase slope consistent with a dis-
tortion component.

Figure 4(B) illustrates DPOAE L/P maps obtained with
an IT near the f4,. In the control-level map of B1, the notch
observed in the DP-grams of panel A was obvious through-
out the map. As previously mentioned, an unusual feature of
this map was a large region of DPOAESs below ~1.8 kHz for
both 2f—f> and 2f>,—f; DPOAEs (white arrows in B1) that
exhibited almost perfect vertical phase banding across both
2f1—f> and 2f,—f emissions (white arrows in B2). As in the
other laboratory species, for DPOAE L/P maps with the IT
near the fy,, there was little apparent difference, if any,
between the control and IT conditions with respect to either
the level (B1 vs B3) or phase maps (B2 vs B4). In the resid-
ual-level map for this rat shown in panel BS5, a relatively
large component was apparent above DPOAE frequencies of
~3.5 kHz (white arrow) that very clearly displayed horizon-
tal phase banding (white arrow) in the corresponding phase
map of panel B6 and not the expected vertical phase banding
that would be present, if it were reflected from the fqj,.

Figure 4(C) displays results for the 1/3-oct IT condition.
Here, the 1/3-oct IT removed a large region of 2f;—f> and
2f,—f1 emissions as shown in panel C3 (white arrows) and all
the vertical phase banding (white arrows in C4), for the low-
frequency DPOAEs as well as for all DPOAEs above this
region. The remaining DPOAEs were associated with very
orderly horizontal phase characteristics as shown in panel C4
as compared to the control condition of panel C2. For the
2f,—f1 DPOAESs an unusually large region of emissions with
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horizontal-like phase banding remained (black arrow in C4).
In addition, a large DPOAE residual was apparent in the level
map of panel C5, which was associated with a phase pattern
shown in C6 that was highly similar to that observed for the
control no-IT condition of panel C2. Thus, for the rat, the 1/3-
oct IT yet again seemingly removed basal DPOAE compo-
nents with both distortion- and reflection-like characteristics
that originated basal to the IT-frequency place.

IV. DISCUSSION

The present study was designed to compare DPOAE
components that could be extracted by ITs placed near fg, or
at 1/3-oct above f, (i.e., 1/3-oct IT) in humans as compared
to three laboratory-animal species. In humans, for the 2f;—f,
DPOAE, a small reflection component was extracted by the
IT near f4,, and this component was characterized by a steep
phase slope as would be expected from a reflection-based
mechanism. However, vertical phase banding remained that
could not be removed by the IT (see Fig. 1-B4). Thus, the
present methods were capable of revealing a reflection com-
ponent in humans predicted by the two-source model of
DPOAEs (e.g., Shera and Guinan, 1999). However, this
component was difficult to extract in the DP-gram analyses
and it was barely detectable in the DPOAE L/P maps based
upon the limited amount of time averaging (n =8). In fact in
the DPOAE L/P maps, only three of the ten normal-hearing
subjects had detectable reflection components. This observa-
tion is not surprising considering that in a recent study by
Abdala and Dhar (2010) the average level of the reflection
component was at the best =3 dB SPL and in most cases
averaged between —10 and —15 dB SPL. It should be empha-
sized that in the present example (e.g., Fig. 1), removal of
the reflection component did decrease fine structure as
described by others. On the other hand, most DPOAE fine
structure did not appear to be affected by the reduction of ba-
sal DPOAE components by the 1/3-oct IT except for at the
lowest frequencies. The residual at optimal ratios (black
arrow in Fig. 1-C6) is consistent with this observation and
indicates that basal components have shallow phases similar
to that of the f, components and thus the basal components
would tend to add at a fairly constant phases difference
which would not produce significant fine structure except at
low frequencies where the phase gradient becomes steeper.

Essentially identical methods to those utilized in humans
were applied to the three laboratory species, namely, the rab-
bit, chinchilla, and rat. However, these experiments failed to
provide any conclusive evidence for reflection components
arising from the /g, in any of these species. This is remarkable
in that the DPOAE:S in all these animals are much larger than
those measurable in humans, even at the lower primary-tone
levels utilized here. Thus, if the reflection from the DPOAE-
frequency locus was significant in these species, then it should
be easily detectable or, at least, comparable to those
“exceptional” human subjects with robust DPOAEs and
prominent fine structure. In fact, the lack of fine structure in
the DP-grams of these animals is consistent with the absence
of any significant reflection component. It should be empha-
sized that the present data obtained from these common
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laboratory species were obtained with a minimum of averag-
ing (n=4), because of the considerable time of nearly an
hour required to collect the DPOAE L/P maps with and with-
out an IT. Thus, the present results were not specifically
intended to eliminate the possibility that some detectable
reflection from fy, occurs in these laboratory species. In fact,
in the chinchilla, there was some but certainly not conclusive
evidence, for a very small reflection component.

In the rabbit, the IT near the fy, was set to a level at 55
dB SPL that just began to extract a measurable residual for
the L; =L, =65 dB SPL condition in most rabbits. However,
at slightly lower levels of the IT, no residual could typically
be extracted with ITs near the fy,, even with map regions
obtained at twice the frequency resolution and n =32 aver-
aging vs the typical n=4 time averages (Martin et al.,
2010a,b). Consequently, it is reasonably safe to conclude
that the DPOAE-reflection components in the laboratory spe-
cies tested here, if present at all, were minute, i.e., even
smaller than those observed in humans.

In rabbit and rat, and somewhat less so in the chinchilla,
residual DPOAE phase maps with the IT near fy, revealed com-
ponents with horizontal phase-banding that was associated with
shallow phase slopes in the DP-gram analyses. These represent
features, which have previously been attributed to DPOAEs
arising from near the peak of the f, TW, as opposed to fyp
(Shera and Guinan, 1999; Kalluri and Shera, 2001). For distor-
tion components to arise directly from fy, in these species, it
would require two inputs into the outer hair cell (OHC) nonli-
nearity in this region. Based upon the sharp apical cutoff of the
primary-tone TWs, any interaction of the primaries at fy, is
extremely unlikely. Rather, it seems probable that for certain
frequencies the IT suppressed one or both of the primaries in
the region of primary-tone overlap, where a significant distor-
tion component is generated, thus revealing this component in
the residual. This interpretation is consistent with experiments
in rabbits where this distortion-like component could only be
detected if the IT was set to a sufficiently high level.

It is important to emphasize that for humans and all
three laboratory species, vertical phase banding was present
that was relatively unaffected by the IT near fy, for DPOAEs
at narrow f>/f; ratios for the 2f;—f, and at all ratios for
2f>—f1 DPOAEs in the DPOAE L/P maps. Thus by a process
of elimination it can be concluded that DPOAEs with these
reflection-like characteristics may not originate exclusively
from the f4,. An exception to the narrow ratio, reflection-like
component for 2f;—f, was in the rat, which exhibited emis-
sions with vertical phase banding regardless of the f,/f] ratio
at low frequencies and for all ratios [see Fig. 4(B)]. This
component, too, was unaffected by near f4, ITs thereby infer-
ring that it was not reflected from the fy, place. This compo-
nent in the rat, as well as at narrow f>/f ratios in the other
species, was contiguous with the 2f,—f; DPOAE plotted in
the lower half of each DPOAE L/P map. The IT near the fy,
does have a detectable effect on the 2f,—f; in all species,
however, this effect was small compared to the consequen-
ces of the 1/3-oct IT described below.

Overall, it can be stated that all species showed reflec-
tion-like DPOAE components associated with vertical phase
banding in their DPOAE L/P maps that could not be influ-
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enced by ITs near the fy,. In the DP-gram analyses, only in
humans a 2f,—f> DPOAE component could be extracted
with the predicted steep phase gradient.

Contrary to what might be expected based upon a two-
source model of DPOAEs, in humans the 1/3-oct IT
extracted a large residual in the DP-gram analyses, which
was associated with a shallow phase slope (see Fig. 1-A3).
In the DPOAE L/P maps the 1/3-oct IT eliminated almost all
of the narrow-ratio 2f;—f, DPOAESs, and nearly all of the
2f,—f1 DPOAEs, essentially removing all of the DPOAE
components with vertical phase banding in this subject (see
Figs. 1-C2 vs 1-C4). The resulting residual was composed of
DPOAEs with both reflection- and distortion-like phase
characteristics. These results confirmed the outcome
described in a previous report in humans (Martin et al.,
2009) suggesting that significant DPOAE components in
humans are generated at, or basal to, the 1/3-oct IT and that
these constituents exhibit both steep and shallow phase
characteristics.

In the laboratory-animal species, the effects of the 1/3-oct
IT were highly similar in many respects to those described
here for humans. For the rabbit, chinchilla, and rat, DP-gram
analyses showed that the 1/3-oct IT extracted a residual that
was in most cases nearly as large as the DPOAE component
measured without the IT. This finding suggests that very large
DPOAE components arise at, or basal to, the 1/3-oct IT in
these species. This conclusion based upon DP-gram analyses
was reinforced by similarly large residuals extracted from the
DPOAE L/P maps for the three laboratory species. Such resid-
uals were characterized by having DPOAE components
accompanied by both vertical and horizontal phase banding
similar to what was observed for humans. A very striking fea-
ture in laboratory species was the effect of the 1/3-oct IT on
the phase of the remaining DPOAE components in the IT con-
dition. Without exception, the presence of the 1/3-oct IT sim-
plified the complex phase structure observed in the control
phase maps resulting in a very organized horizontal phase
banding pattern. This effect most likely resulted from the re-
moval of basal DPOAE components, which, in the absence of
the 1/3-oct IT, were mixing with the DPOAE elements gener-
ated primarily near the f, peak region apical to the IT-fre-
quency place. This conclusion appears reasonable, since
components near the fy, were undetectable in the laboratory
species tested here, and, therefore, this region can be excluded
as contributing to the remaining DPOAE components with a
very orderly distortion-like behavior.

None of the laboratory species were exactly identical in
that they all had features unique to their DPOAE space as
revealed by their DPOAE L/P maps. For example, the rabbit
had smaller 2f,—f; DPOAESs than the chinchilla, while both
the chinchilla and rat demonstrated large notches in their
DP-grams that were visible throughout their DPOAE L/P
maps. In addition, the rat provided one of the most unique
examples of individual differences where a large region of
low-frequency DPOAEs was separated by a large notch
throughout the entire DPOAE space [see Fig. 4(C)]. This
low-frequency region in the rat was particularly interesting
in that the 2f|—f> DPOAESs, even at wide f>/f] ratios, were
dominated by vertical phase banding that was contiguous
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with the 2f,—f; DPOAE. In this case, presentation of the 1/3-
oct IT completely eliminated this region of low-frequency
DPOAESs that were presumably generated basal to the IT. It
should be noted that rat hearing operates over a much higher
frequency range than it does in the other species. This cir-
cumstance may in some way explain the unusual low-fre-
quency region where DPOAEs appear to be generated
almost exclusively basal to f, in rats. Humans also have a
large DPOAE component at low frequencies and wide f>/f;
ratios that also appears to be similarly generated (see white
arrow, Fig. 1-C5). Whether or not other common laboratory
species such as guinea pigs, gerbils, and mice have basal sour-
ces remains unknown. Recently, Martin et al. (2010a,b) attrib-
uted suppression/enhancement of DPOAEs by ITs presented
above f> to the existence of basal DPOAE components. Since
these phenomena have been observed in guinea pigs and mice
(Martin et al., 1999) and gerbils (Mills, 1998), it seems reason-
able to suggest that these latter species also have substantial
basal DPOAE components generated above f>.

Finally, it should be noted that the 1/3-oct IT removed
essentially all the 2f,—f; DPOAEs in humans and rats, and
in significant amounts in the rabbit and chinchilla. These
findings are consistent with prior studies (Martin et al.,
1987, 1998) demonstrating that the 2f,—f; DPOAE is gener-
ated at, or above, its frequency place on the BM.

The present results reinforce the findings of previous
studies (Martin et al., 2009, 2010a,b) and provide evidence
for the existence of basal DPOAE components in two other
species. In contrast to the inability to extract a reflection
component from the laboratory species as compared to
humans, features of these basal DPOAE components were
remarkably consistent across all four species. A previous
study in rabbits (Martin et al., 2010a,b) relied upon the con-
clusion that DPOAEs “filled in” regions of damage that
could subsequently be removed by the 1/3-oct IT as a control
for catalyst or other mechanisms masquerading as basal
DPOAE components. In the present study, findings in nor-
mal rat ears can serve a similar purpose. In the catalyst hy-
pothesis (see Fahey et al., 2000), the third tone (IT) creates
DPOAE:s that appear to be basal sources. However, it seems
highly improbable that in the rat these emission components
presumably created by the presence of the IT could be of
exactly the correct magnitude and phase to completely elimi-
nate both the low-frequency 2f;—f> and 2f,—f; DPOAEs, as
well as eliminate emissions in other cochlear regions as well
(see Fig. 4-C1 and 4-C2 vs 4-C3 and 4C-4). A similar argu-
ment would seem to apply, if it was assumed that the IT was
simply altering the phase of the f, distortion component to
produce the large residuals observed. Another weakness of
these alternative explanations for apparent basal DPOAE
components is that they cannot explain the effects of the 1/3-
oct IT on phase behavior, where a disorganized pattern
becomes organized and orderly especially when, as in the
rat, this happens by taking away DPOAE:.

It also seems unlikely that suppression of the primaries
by the 1/3-oct IT leading to a decrease in DPOAESs could be
mistaken for basal sources. In the preset study there were
several situations where DP-grams with and without the IT
were nearly equivalent [for example, the human (Fig. 1-A2)
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and rat (Fig. 3-A2)], which would not be expected if the IT
suppressed f,. Similar outcomes were previously observed
for the rabbit (see Fig. 3, Martin et al., 2010a) where DP-
grams collected with and without the 1/3-oct IT were equiva-
lent in level, and still were accompanied by large residuals
most likely representing basal DPOAE components. Thus,
when DP-grams or DPOAE L/P maps were decreased in
level by the 1/3-oct IT, this decrease likely represented the
removal of substantial basal emissions that were previously
contributing to the overall level of the DPOAE.

Finally, there is ample evidence for basal DPOAE sour-
ces in the literature (reviewed in Martin et al., 2010a) based
upon DPOAE suppression tuning curves (Martin et al.,
1999, 2003; Howard et al., 2002, 2003), DPOAE onset laten-
cies (Whitehead et al., 1996; Cone et al., 2009), and noise
over-exposures (Avan et al., 1991, 1995, 1997) to name a
few examples. In view of the results of prior studies, the
demonstration of basal DPOAE components is not particu-
larly surprising. However, the consistency of the findings
across the four species of the present study makes the claim
that substantial basal DPOAE components contribute to the
overall DPOAE a more universal and coherent hypothesis.

Perplexingly, these DPOAE components have two dif-
ferent phase behaviors previously thought to be attributable
primarily to reflection from the fg, (steep phase slopes/verti-
cal phase banding) or distortion at f, (shallow phase slopes/
horizontal phase banding). This apparent mixture of compo-
nents can clearly be seen in humans (e.g., Fig. 1-C6) and rats
(e.g., Fig. 4-C6). In the case of human DPOAE:, it seems
well-established (e.g., Shera and Guinan, 1999; Talmadge et
al., 1999; Kalluri and Shera, 2001; Konrad-Martin et al.,
2001, 2002; Abdala and Dhar, 2010) that two mechanisms,
namely distortion emanating from near f> and reflection from
regions near fgp,, can explain the different phase behaviors.
However, recent findings (Martin et al., 2009, 2010a,b),
along with the present results, indicate that DPOAE compo-
nents with steep or shallow phase gradients can derive from
BM regions significantly above f>. There could be a separate
mechanism apart from reflection to account for the steep
phase gradient DPOAES, or there may be other reasons that
these DPOAESs assume this phase behavior.

Based upon the sum of our experience, we hypothesize
that basal DPOAE components represent distributed sour-
ces generated by input to the OHC nonlinearities all along
the portion of the cochlea where the f; and f>, TW tails
overlap. The size of the basal sources at any particular fre-
quency place that can be removed by the IT seem to be
generally proportional to the amount of overlap of the
TWs, thus, they get larger as they approach the peak of the
f> TW, where overlap is maximal generally near /> (Martin
et al., 2010a,b). Indeed, there may be no clear demarcation
between basal distortion sources and distortion sources
near f>. Thus, we are operationally defining basal sources
as those that can be influenced by a 1/3-oct IT. The shal-
low phase slopes of distortion components is thought to
largely be the result of cochlear-scaling symmetry (Zweig
and Shera, 1995; Shera and Guinan, 1999). Due to this
property, as f; and f, are swept, the number of wavelengths
within the cochlea remains constant. If it assumed that the
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region of emission generation scales with the primaries
then the measured phase of the DPOAE remains relatively
constant as well. However, if this scaling assumption is
violated, then it cannot be assumed that DPOAE compo-
nents generated by nonlinear distortion will have shallow
phase gradients. While basal DPOAE components are
probably distortion components, their region of genera-
tion’s relationship to cochlear scaling likely controls the
phase characteristics of these emissions. If the region of
generation is constrained in such a way that it can no lon-
ger scale with the input stimuli, then the phase can assume
a place-fixed (steep phase gradient) behavior. One example
of this situation appears to occur in the extreme apex of
the cochlea. Here, cochlear scaling apparently breaks down
and horizontal banding assumes a curvature and, in some
cases, becomes vertical. This effect is apparent in the api-
cal portion of the phase maps for all four species. In
extreme cases such as the rat (Fig. 4-C2), and at high f>/f;
ratios and low frequencies for humans (Meinke et al.,
2006), DPOAEs can no longer be generated in the extreme
apex and these DPOAEs apparently come from a region
basal to their f, frequency place.

The above considerations are interesting in view of the
recent efforts of Shera and colleagues (Shera and Guinan, 2003;
Shera et al., 2000, 2008, 2010) to measure cochlear tuning using
stimulus frequency otoacoustic emissions (SFOAEs). These
investigators give considerable discussion to the “significance
of the apical-basal transition” where cochlear mechanics appear
to differ between the apex vs the base, and a transition occurs
between scaling and non-scaling behavior. Based upon the
phase changes in the DPOAE L/P maps, this occurs generally
around 4 kHz in chinchillas and rats, and at lower frequencies
for rabbits and humans. In the Shera et al. (2010) data, a “short-
latency SFOAE becomes significant” in this apical-like zone.
The present data suggest that in this area emission components
can arise almost entirely basal to the peak of f>. This observation
is consistent with and may in part explain some of the unusual
behavior, such as short-latency SFOAEs, described for various
cochlear measures obtained from this non-scaling region.

Another factor that appears to control the phase behav-
ior of DPOAEs is some type of “constraint” that causes them
to arise from a relatively fixed location as the primary-tones
are swept in frequency. Thus, the place-fixed phase behavior
of the 2f,—f; DPOAE likely arises because components gen-
erated apical to the 2f>—f| frequency place cannot travel past
the 2f,—f, frequency place on the BM without being
absorbed. Consequently, the measured DPOAE exhibits ver-
tical phase banding behavior in DPOAE L/P maps, because
its generation site is “constrained” to a region above the
2f,—f1 DPOAE frequency place as the primaries are swept.
Similar effects can occur when the cochlea is damaged. In
such a situation, basal DPOAEs generated in the tails of the
TWs can only come from a region where the OHCs are func-
tioning normally. This effect can be seen in a noise-damaged
rabbit ear (see Fig. 8 in Martin et al., 2010a) where DPOAE
phase appears very similar to that observed in the cochlear
apex, but in this instance, it occurs near the basal edge (low-
frequency end of the normal region) of an area exhibiting
severe low-frequency cochlear damage.
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A more difficult problem is trying to understand why nar-
row f>/fi-ratio 2f;—f> DPOAEs would exhibit place-fixed phase
characteristics. A clue to unraveling this problem may be to
assume that the narrow-ratio DPOAESs observed in the ear canal
are not lower-sideband DPOAEs generated near f> as might be
expected. Rather, they are DPOAEs generated in the same ba-
sal nonlinearities responsible for the 2f,—f; DPOAEs. This
notion could explain why narrow f>/f-ratio 2f;—f> DPOAE fea-
tures such as magnitude notches and phase patterns are always
contiguous with 2f,—f; DPOAEs in DPOAE L/P maps. Data in
noise-damaged rabbits where wide f>/f;-ratio 2f;—f> DPOAEs
tracked the damage pattern, but narrow-ratio 2f;—f, DPOAEs
did not (Stagner et al., 2005), are consistent with this view, and
suggests that narrow- and wide-ratio 2f;—f, emissions do not
come from the same place on the BM. The narrow-ratio 2f;—f>
DPOAE may assume the place-fixed phase behavior of the
2f>—f1 DPOAE because the close proximity of the primaries at
these narrow ratios completely suppresses the 2f;—f, DPOAE
normally generated near f>, and constrains the basal generation
region of the 2f;—f, DPOAE to a region near that of the 2f,—f;
DPOAE. One advantage of all of the above suggestions is that
a new emission generation mechanism does not need to be pro-
posed to explain instances of reflection-like emissions arising
basal to f5.

Regardless of the mechanism of generation, it appears
that both humans and some common laboratory species have
DPOAEs generated basal to the 1/3-oct IT that can assume
reflection- or distortion-like phase patterns. Consequently, the
commonly accepted two-source model of DPOAESs may need
modification to account for, or to include, the presence of
these additional sources of emissions likely to be generated by
nonlinear distortion, but capable of assuming two types of
phase behavior. Clearly, phase behavior alone cannot be
assumed to be a unique signature of emissions generated near
the fq, or f,. Past evidence for basal DPOAE components
(Martin et al., 2010a) relied heavily upon results obtained
from the ears of normal and noise-damaged rabbits. The pres-
ent study extends these outcomes to chinchillas and rats
exhibiting normal cochlear function, and suggests that the
generation of DPOAE:s as a distributed source basal to f; is a
general phenomenon across a variety of species.
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