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ABSTRACT

The presence of shortlatency (SL), less compressive-
growing components in bandpass-filtered transient-
evoked otoacoustic emission (TEOAE) waveforms
may implicate contributions from cochlear regions
basal to the tonotopic place. Recent empirical work
suggests a region of SL generation between ~1/5 and
1/10-octave basal to the TEOAE frequency’s
tonotopic place. However, this estimate may be biased
to regions closer to the tonotopic place as the TEOAE
extraction technique precluded measurement of
components with latencies shorter than ~5 ms.
Using a variant of the non-linear, double-evoked
extraction paradigm that permitted extraction of
components with latencies as early as 1 ms, the
current study empirically estimated the spatial-extent
of the cochlear region contributing to 2 kHz SL
TEOAE components. TEOAEs were evoked during
simultaneous presentation of a suppressor stimulus, in
order to suppress contributions to the TEOAE from
different places along the cochlear partition. Three or
four different-latency components of similar frequen-
cy content (~2 kHz) were identified for most subjects.
Component latencies ranged from 1.4 to 9.6 ms;
latency was predictive of the component’s growth rate
and the suppressor frequency to which the compo-
nent’s magnitude was most sensitive to change. As
component latency decreased, growth became less
compressive and suppressor-frequency sensitivity
shifted to higher frequencies. The shortest-latency
components were most sensitive to suppressors ap-
proximately 3/5-octave higher than their nominal
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frequency of 2 kHz. These results are consistent with a
distributed region of generation extending to approx-
imately 3/5-octave basal to the TEOAE frequency’s
tonotopic place. The empirical estimates of TEOAE
generation are similar to model-based estimates where
generation of the differentlatency components oc-
curs through linear reflection from impedance dis-
continuities distributed across the cochlear partition.

Keywords: two-tone suppression, basal reflection,
different-latency components, TEOAE

INTRODUCTION

When analyzed across a narrow frequency band,
transient-evoked otoacoustic emissions (TEOAEs) ex-
hibit a long-latency (LL) and at least one short-latency
(SL) amplitude peak, or component. SL. components
grow less compressively than their LL. counterparts,
with the effect that the largest contribution to the
total TEOAE (i.e., the TEOAE analyzed across a time
window spanning all components) shifts from the LL
component at low stimulus levels to SL. components at
high stimulus levels (Withnell and McKinley 2005;
Goodman et al. 2009; 2011). The latencies of the
different components are approximately level invari-
ant and separated in time by a factor of 1.6 (Carvalho
et al. 2003; Goodman et al. 2011; Moleti et al. 2012).
The difference in component latencies and level-
dependent contributions to the total TEOAE under-
lies the decrease in the total TEOAE’s latency with
increasing stimulus level (Moleti et al. 2012;
Rasetshwane et al. 2013; Lewis and Goodman 2014).
Contributions to the stimulusfrequency (SF) OAE
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from different-latency components analogous to those
in the TEOAE (Sisto et al. 2013) may similarly
underlie the level-dependency of SFOAE latency and
account for non-monotonicity in SFOAE input/
output (I/O) functions (e.g., Schairer et al. 2003;
Choi et al. 2008; Lewis and Goodman 2014).

The contrasting latencies and growth rates of the
different-latency TEOAE components suggest genera-
tion through different mechanisms and/or at differ-
ent places in the cochlea. Generation of the LL
component likely occurs at the tonotopic place,
presumably through linear coherent reflection
(LCR; Zweig and Shera 1995; Shera and Guinan
1999; Kalluri and Shera 2007a). (In this paper, the
term “tonotopic place” refers to the place of maxi-
mum basilar membrane, BM, vibration for low-level
stimuli.) The generation mechanism and place of the
SL components are less certain, with both intermod-
ulation distortion and basal coherent reflection being
hypothesized (Withnell and McKinley 2005; Withnell
et al. 2008; Goodman et al. 2009, 2011; Moleti et al.
2012; Moleti et al. 2013). The latencies of the SL
components imply generation basal to the tonotopic
place; however, the basal-extent of such contributions
is unclear.

Modeling work by Moleti et al. (2013) has impli-
cated a region of SL generation displaced basally from
the tonotopic frequency place by approximately 1/3-
octave. Empirical evidence concerning the generation
place of SL. components is limited. A single study by
Moleti et al. (2014) estimated the region of SL
TEOAE generation to be within ~1/5- to 1/10-octave
basal to the tonotopic place. However, this estimate
was restricted to SL components with latency shorter
than that of the LL component by a factor of
approximately 1.6. Components with even shorter
latencies have been reported (Goodman et al. 2009;
2011; Lewis and Goodman 2014), but the measure-
ment of these by Moleti et al. was likely precluded as a
result of their extraction technique. Specifically, to
remove stimulus artifact, the initial 2.5 ms of the
TEOAE were discarded and an onset ramp was
applied to the subsequent 2.5 ms. As such, any
components occurring within the initial 5 ms of the
TEOAE were either eliminated or attenuated. Had
shorter-latency components been measured, a more
basally distributed region of generation may have
been found.

The goal of the current study was to empirically
estimate the cochlear regions contributing to the
different-latency TEOAE components. A nonlinear
extraction technique was used that preserved the
earliest portion of the OAE while also minimizing
stimulus artifact (Keefe 1998). In light of recent work
demonstrating that SL. components depend on the
active elements for cochlear amplification (Mertes
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and Goodman 2013; Moleti et al. 2014), a two-tone
suppression paradigm was used to examine how
suppression of the active elements at different-
frequency cochlear locations affects the magnitudes
of the different-latency components in the 2 kHz
TEOAE. The differentlatency components were hy-
pothesized to be differentially sensitive to suppressor
frequency, with shorter-latency components being
more sensitive to higher-frequency suppressors than
longer-latency components. The first half of the study
describes the latencies and growth rates of the
components. The second half of the study describes
the relationship between a component’s latency and
sensitivity to suppressor frequency.

METHODS
Subjects

Ten subjects (4 male, 6 female) between the ages of
18-29 years old participated in the study. All subjects
had normal hearing thresholds (<20 dB HL) at the
octave frequencies between 0.25-8 kHz and normal
middle-ear function (assessed through 226 Hz
tympanometry) in the test ear (5 right ears, 5 left
ears). Data collection was completed over the course
of 2 visits (~2 h each) spaced within 1 month of one
another. The research protocol was approved by the
Institutional Review Board at the University of Iowa.

Signal Generation & Data Acquisition

Stimuli were generated using custom written software
(MATLAB, The Mathworks, Inc). Stimuli were routed
from the computer to an external 24-bit soundcard
(UltraLite-mk3 Hybrid, Mark of the Unicorn). The
two-channel electrical signal was directed through a
pair of earphones (Sennheiser IE8). Silicone tubing
was used to attach each earphone to a receiver port of
an ER10B+ probe assembly (Etymotic Research, Inc.).
The ear canal pressure responses to the stimuli were
measured by the ERIOB+ probe assembly, routed to
the external soundcard, and digitized at a sampling
rate of 44.1 kHz. The digital signal was sent to the
computer and stored on the hard drive for offline
analysis. Stimulus delivery and recording were con-
trolled using MATLAB and custom written software.

Measurement and Analysis of TEOAEs

Stimuli. TEOAEs were evoked using three-cycle,
2 kHz tone bursts (hann-windowed) in the presence
of different suppressor stimuli including: (a) 3-cycle,
2 kHz tone bursts, (b) pure tones ranging from 0.5—
6 kHz, and (c) band-limited noise with a passband
from 8-16 kHz. The tone-burst suppressor condition
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was used to (1) identify differentlatency components
in the TEOAE and (2) to quantify the level-
dependence of the differentlatency TEOAE compo-
nents’ magnitude and latency. The purpose of the
pure-tone and noise suppressor conditions was to
examine contributions to the TEOAE from different
cochlear places. For each suppressor condition,
stimuli were presented to the ear using a double-
evoked, double-source paradigm (Keefe 1998; Keefe
and Ling 1998). A stimulus buffer was composed of
three consecutive stimulus intervals (s1, so , and sy 9 ).
Intervals were 40 ms long for the tone-burst suppres-
sor condition (total buffer duration of 120 ms) and
50 ms long for the pure-tone and noise suppressor
conditions (total buffer duration of 150 ms). Stimulus
interval s; contained the TEOAE probe stimulus
(a 3-cycle, 2 kHz tone burst) routed through channel
1 of the transducer. Stimulus interval so contained the
suppressor stimulus routed through channel 2 of the
transducer. Both stimuli were presented simultaneous-
ly during stimulus interval s; o . Figure 1 illustrates the
double-evoked paradigm and the various suppressor
stimuli. The top panel shows the probe
(3-cycle, 2 kHz tone burst) and lower panels show
the suppressor conditions.

For the tone-burst suppressor condition, the probe
and suppressor tone bursts were presented at equal
levels across the s; and so intervals (i.e., equal-level
variant of the double-evoked paradigm, Schairer et al.
2003; two top-most panels in Fig. 1). Tone bursts were
presented to the ear at levels from 44 dB peak SPL
(pSPL) to 86 dB pSPL (6-dB steps). The number of
stimulus buffers presented depended on the level of
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FIG. 1.  Probe- and suppressor-stimulus paradigms used to evoke the
TEOAE. Each panel includes three stimulus intervals (s , so , and 519 ).
During s; , only the probe is presented through channel 1 of the
transducer. During sy , only the suppressor is presented through
channel 2 of the transducer. During s; o , the probe and suppressor are
simultaneously presented through channels 1 and 2, respectively.
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the tone bursts, with more presentations for lower
level tone bursts to improve the signal-to-noise ratio
(SNR) of the evoked emission: 2,000 buffers were
presented for levels from 44-56 dB pSPL, 1,600 were
presented for levels from 62 to 74 dB pSPL, and 1,200
were presented at 80 and 86 dB pSPL. These data
were part of a larger data set analyzed in Lewis and
Goodman (2014) to examine the effect of tone-burst
duration on the level-dependent growth and latency
of the total TEOAE.

The probe for the pure-tone suppressor conditions
was a 74-dB pSPL 3-cycle, 2 kHz tone burst. Pure-tone
suppressors were 28 ms with the initial and final 5 ms
ramped-on and -off, respectively, by a 1/2-cycle hann
window (3rd panel from the top in Fig. 1). Suppressor
frequencies included 0.5, 0.71, 1-3.86 (1/7-octave
steps), 5, and 6 kHz. Suppressor tones were presented
at 50, 62, and 74 dB pSPL (-24 dB, -12 dB, and 0 dB
re: probe level). Not all suppressor frequencies were
presented at each suppressor level, as pilot data
suggested minimal effects of certain suppressor fre-
quencies when presented at 50 and 62 dB pSPL: All
frequencies were presented for the 74 dB pSPL
suppressor level, frequencies between 1 and 6 kHz
were presented for the 62 dB pSPL suppressor level,
and frequencies between 1 and 3.86 kHz were
presented for the 50 dB pSPL suppressor level. The
phase of the suppressor tone (for a given frequency)
alternated between cosine and negative-cosine across
adjacent stimulus buffers. The alternating of phase
between adjacent stimulus buffers constituted a buffer
pair and was necessary to cancel the SFOAE evoked by
the pure-tone suppressor upon averaging. Eighteen
hundred stimulus buffers (900 buffer pairs) were
presented for each pure-tone suppressor frequency
and level.

The probe for the noise suppressor condition was
the same 2 kHz tone burst used for the pure-tone
suppressor conditions. The noise suppressor was a 28-
ms noise burst, band-limited from 8 to 16 kHz
(bottom panel in Fig. 1). The noise was calibrated to
have a flat spectrum from 8 to 16 kHz and a root-
mean-square (RMS) pressure of 80 dB SPL (discussed
below). Thirty different frozen-noise samples were
randomly generated for each subject. The phase of
each frozen-noise sample alternated between in-phase
and out-of-phase across adjacent stimulus buffers to
form buffer pairs, similar to the pure-tone suppres-
sors. Each frozen-noise pair was consecutively present-
ed 15 times before a different frozen-noise pair was
presented. Altogether, 1,800 stimulus buffers (900
buffer pairs) were presented.

Calibration. Probe and suppressor stimulus levels
were calibrated according to the pressure generated
in a long, plastic tube (2 m length, 7 mm inner
diameter) terminated at the distal end by a steel
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bearing. The inner diameter of the tube was selected
to approximate that of the average adult ear canal
(Stinson and Lawton 1989). The long-tube calibration
was used as the pressure measured by the probe
microphone at the entrance to the tube in insensitive
to standing-wave effects which can otherwise intro-
duce errors during in-situ SPL ear-canal calibrations
(Sachs and Burkhard 1972; Stinson et al. 1982;
Gilman and Dirks 1986). The long-tube calibration is
also advantageous as it results in the same voltage
being delivered to the transducers across all subjects,
thereby ensuring that any transducer distortion is
identical across subjects. The long-tube calibration
does not account for differences in canal geometry
across subjects; however, large variations in in-situ ear-
canal pressure were not expected given the homoge-
neity of the subject population (all subjects were
young adults). In the current study, tone-burst levels
measured in the ear canals of the different subjects
ranged from -3.1 dB to +4.6 dB relative to the stimulus
level generated in the calibration tube.

To calibrate the levels of the 2 kHz tone bursts and
pure-tone suppressors, 64 repetitions of a 10 ms tone
burst of the target frequency were delivered to the
calibration tube at a rate of 1/s, recorded, and
averaged. The resulting waveform was highpass fil-
tered using a finite-impulse-response (FIR) digital
filter (250 Hz cutoff, 256 order). The peak incident
pressure (i.e., pressure within the initial 10 ms of the
recording and prior to the first reflection from the
distal end of the tube) was measured and a calibration
factor relating the transducer voltage drive to the
measured tube pressure was calculated. The target
stimulus (e.g., 6 kHz pure-tone suppressor) was then
created in MATLAB, scaled to the target peak voltage
(e.g., 74 dB pSPL), and multiplied by the calibration
factor to yield the desired acoustic pressure in the
long tube.

Calibration of the noise stimulus was similar to that
of the tone bursts and pure-tone suppressors; howev-
er, the noise level was calibrated in terms of dB RMS
instead of dB pSPL. Sixty-four repetitions of a 10-ms
frozen, white-noise burst were delivered to the cali-
bration tube at a rate of 1/s and recorded. Time-
domain recordings were high-pass filtered (250 Hz
cutoff, 256 order) and synchronously averaged. The
voltage drive to the transducer for the noise, v[n]
(n denotes time in terms of sample number and is
implicit to all subsequent lower-case, with the
exceptions of 7psr and 75, in Egs. 5 and 7,
respectively), and the average pressure recorded in
the long tube, p[n] , were transformed to the
frequency domain (V[m] and P[m] , respectively, m
denotes frequency bin number and is implicit to
all subsequent upper-case variables) using the
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discrete Fast Fourier transform (FFT). The magnitude
of the frequency-domain inverse transfer function of the
calibration tube was then calculated,

Vi

H' = )
|H| 7

(1)
To constrain the bandwidth of the noise between 8
and 16 kHz, the magnitudes for the frequency bins
corresponding to 0-8 and 16-22.05 kHz were set to 0.
Phase was set to 0 at all frequencies. |H_]| was
transformed to the time domain (47! ) via the inverse
discrete FFT. A~! was truncated to 128 samples and
hann-windowed to generate an impulse response.
The original voltage drive (v ) was convolved with
the impulse response to yield a calibrated voltage
drive, vy . Uy Was bandpass filtered by an FIR digital
filter (8 kHz low-cut, 16 kHz high-cut, 1024 order) to
further attenuate residual energy outside of the
8-16 kHz frequency band. Sixty-four repetitions of
v.q Were delivered to the calibration tube at a rate of
1/s, recorded, synchronously averaged and highpass
filtered (250 Hz cutoff, 256 order) to describe the
pressure generated in the tube (p,, ). A calibration
factor was calculated as the ratio of the RMS voltage of
U to the RMS pressure of p , . For each subject,
thirty 28 ms, frozen, white-noise bursts were generated
and convolved with ™! . Each frozen-noise burst was
then scaled to have an RMS voltage of 80 dB SPL. The
scaled frozen-noise bursts were subsequently multi-
plied by the calibration factor to yield an RMS
pressure of 80 dB SPL in the calibration tube.

Analysis. TEOAEs were extracted from the ear canal
pressure recordings by dividing the recording for
each stimulus buffer into three time segments
(py pos andp, , ). Each time segment corresponded

to one of the three stimulus intervals (sq, so, and sy 9 ).
The nonlinear differential response (p, ) was
calculated as,

pp= (b1 + o) = Prs- (2)

pp contains the nonlinear portion of the TEOAE.

In the absence of nonlinearity, p, contains only
noise. The advantage of this extraction technique is
that the stimulus is effectively removed from the
recording, assuming linear transducers, thereby per-
mitting (1) retention of very early time portions of the
OAE and (2) extraction of the OAE from the stimulus
when the two overlap in time. This technique has
been used to measure TEOAEs at frequencies up to
15 kHz (Goodman et al. 2009; Keefe et al. 2011),
SFOAE I/0 functions and latencies (Schairer et al.
2003; 2006), SFOAE suppression-tuning curves (Keefe
et al. 2008), and I/O functions and latencies of SL
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TEOAE components (Goodman et al. 2011; Sisto
et al. 2013).

While the nonlinear differential method allows
examination of early-occurring emissions, such as SL
TEOAE components, in some cases it may underesti-
mate the emission’s true magnitude (Kalluri and
Shera 2007b; Moleti et al. 2012). This may be
especially problematic at low stimulus levels where
OAEs typically exhibit linear growth. At these levels,
the magnitude of the OAE extracted by the nonlinear
differential method may exhibit a poor SNR (Schairer
et al. 2003), thereby placing a lowerlimit on the
stimulus level at which an OAE may be measured.
Magnitude differences may also occur in regions of
compressive growth, depending on the level of the
suppressor and where it falls along the I/0
function underlying the growth of the OAE. As a
result, I/O functions derived using a double-
evoked technique may not always completely de-
scribe the I/0 function for the total OAE
(Goodman et al. 2011). This limitation will be
further addressed in the “Discussion” section as it
applies to interpretation of the I/O functions of
the TEOAE components.

A second consequence of using the double-evoked
extraction technique is that the direction of change in
OAE magnitude associated with the simultaneous
presentation of the probe and suppressor is lost (at
least when using the variant described here). In other
words, it is unclear as to whether the suppressor
caused suppression or enhancement of the OAE
evoked by the probe. Therefore, the effect of the
pure-tone and noise suppressors on the TEOAE will
simply be discussed in terms of magnitude change.
The ambiguity of the direction of magnitude change
caused by the suppressor as it may apply to interpre-
tation of the data will be addressed in the “Discussion”
section.

The nonlinear differential responses for each
suppressor condition were highpass filtered using an
FIR digital filter (250 Hz cut, 128 order). The
highpass-filtered responses were then filtered using a
1/3-octave bandpass FIR digital filter (2 kHz center
frequency, 512 order). The RMS levels (Pa) of the
filtered responses were calculated and subjected to an
artifact rejection algorithm (Goodman et al. 2009; see
Hoaglin et al. 1983) in order to identify recordings
contaminated by high-levels of intermittent noise.
Recordings with an RMS exceeding the third quartile
by more than 1.5 times the interquartile range were
excluded from further analysis. Whenever a response
was discarded, so was its pair (adjacent response
where the suppressor was of opposite phase—pure-
tone and noise suppressor conditions).

Retained responses were divided into two collec-
tion buffers. Odd numbered response pairs were
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stored in one buffer and even numbered pairs were
stored in a second buffer. For each collection buffer,
the recordings were synchronously averaged in the
time domain. An estimate of the nonlinear-residual,
2 kHz TEOAE signal was calculated as the mean of
the averaged recordings in the two collection buffers
(Pour )- (Note that “nonlinear residual”, while not

always explicitly stated, is implicit in all subsequent
mentions of the TEOAE signal and/or TEOAE

components). The analytic expression (?0/11?) of the

TEOAE signal was calculated using the discrete
Hilbert transform,

?()AE = ﬁ()AE + jH(?()AE)' (3)

From the analytic signal, the TEOAE instantaneous

magnitude (’j_AJOAED , or envelope, and phase (LEOAE>
were calculated. The instantaneous frequency of the
TEOAE (f ), ) was derived as

N
Lpoar
. 4
OAE " 9x f dt’ (4)

where f was the sampling rate (44.1 kHz) and d¢
was the Ist-derivative of time. Instantaneous frequency
describes the dominant frequency of the TEOAE at a
given moment in time. An estimate of the time-
domain noise (g ) was calculated by subtracting the
averaged responses of the two collection buffers and
dividing by 2 (Kemp et al. 1990). The instantaneous
magnitude of the noise (|§|)
calculated from the analytic signal.
To measure the effects of the different suppressors
on the TEOAE, the TEOAE signal and noise estimates
were analyzed across several different time windows.
The initial window extended from stimulus onset to
10 ms poststimulus offset. The duration of this
window was determined based on the longest expect-
ed latency of a low-level 2 kHz TEOAE (e.g., Neely
et al. 1988; Tognola et al. 1997; Sisto and Moleti
2007). This analysis window included all the different-
latency TEOAE components. A time vector was
mapped to the analysis window with time zero
corresponding to the peak of the tone-burst stimulus.
The initial 1 ms of the envelope, associated with time
from -0.75 to 0.25 ms, was set to zero in order to
remove any non-cancelling stimulus artifact from the
recording. In order to compare TEOAE components
occurring earlier and later in time, the initial time
window was partitioned into multiple, shorter-dura-
tion, windows. The following method, performed on a

was subsequently
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subject-by-subject basis, was used to determine the
bounds of these windows: TEOAE envelopes (Pa)
measured for the tone-burst suppressor condition
were averaged across the different stimulus levels to
yield the mean envelope. Magnitude nulls in the
mean envelope were identified, and the time between
consecutive nulls was used to define the time window
for a specific TEOAE component. Figure 2 shows the
time windows defined according to this method for a
representative subject. Three components were iden-
tified for this particular subject; the associated time
windows were bounded between 0.72-3.54, 3.54-7.06,
and 7.06-10.77 ms.

TEOAE magnitude and latency were calculated
within each time window. Magnitude was calculated as
the RMS of the TEOAE envelope within the analysis
window. Calculating magnitude from the envelope
results in a 3 dB increase in the RMS level compared
to magnitude calculated from the waveform. This
increase is due to the inclusion of both the real and
imaginary parts of the analytic signal, which effectively
doubles the intensity. Latency (toar ) was calculated
as the energy-weighted mean of the time vector (¢ )
for the respective analysis window,

S (Ponslaltn)
ToaE = A . (5)
Z,:::, <ﬁ()AE[n]2>

To determine whether a TEOAE was present in the
analysis window, the SNR was calculated by dividing
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FIG. 2. Definition of TEOAE-component time windows for subject
169L. Gray lines indicate the TEOAE envelopes for the tone-burst
suppressor condition (thicker lines indicate lower stimulus levels).
The thick, red dashed line is the mean envelope across all stimulus
levels. Vertical dashed lines delineate the time windows for the different-
latency components. The dotted black line is the mean noise floor.
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the RMS level of the TEOAE envelope by the RMS
level of the noise envelope (linear units). The SNR
was calculated for each time window. An SNR
criterion value of 9 dB was adopted. Whenever the
SNR of the time-windowed portion of the TEOAE
equaled or exceeded 9 dB, a TEOAE component was
defined as being present.

Screening for Synchronous-Spontaneous OAEs. Data for
the tone-burst suppressor conditions were examined
to determine whether the early time windows of the
TEOAE included synchronous-spontaneous (SS)
OAEs. SSOAEs may present as S TEOAE compo-
nents if the time interval between adjacent tone-burst
presentations is shorter than the time required for the
SSOAE to decay into the noise floor (Keefe 2012).
SSOAEs within the early portions of the analysis
window was a potential concern as the tone-burst
repetition rate was 25/s, thereby allowing only 40 ms
between adjacent tone-bursts; SSOAEs can persist
beyond 80 ms poststimulus offset in some cases
(Sisto et al. 2001).

To determine whether the shortlatency portions of
the TEOAE were due to SSOAE activity, the time
windows of the TEOAE waveforms were extended to
35 ms poststimulus onset and examined for the
presence of long-lasting OAE energy. Figure 3 shows
the 2 kHz TEOAE envelopes for the highest-level tone
burst (86 dB pSPL) from one representative subject.
Only the responses for the highestlevel tone-burst
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FIG. 3. Analysis to examine potential SSOAE activity in the early
portion of the TEOAE. Analysis of SSOAE activity included extending
the total analysis time window to 35 ms post-stimulus onset. The
portion of the time window following the longest-latency magnitude
peak that occurred in the initial 10 ms post-stimulus onset was
examined for non-decaying OAE energy. Such energy has the
potential to contribute to the early part the of subsequent data buffer’s
time window and present as a SL component. Results are shown for
subject 169L. The vertical dash—dot lines indicate stimulus onset. No
SSOAE activity was detected in this subject.
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were examined because this level was most likely to
evoke long-lasting SSOAEs. The response shown in
the initial 40 ms is the mean TEOAE envelope for
odd-numbered stimulus buffers while the response
shown in the final 40 ms is the mean envelope for
even-numbered stimulus buffers. The two responses
have been concatenated to permit visualization of any
SSOAE energy that may have spanned the two
response cycles. Four magnitude peaks occurred in
each 40 ms time frame. The initial peak was at least
partially due to non-cancelling stimulus artifact, as it
was only measureable for the 86 dB pSPL tone burst
and was seen both in the ear canal and an IEC711 ear
simulator (Knowles Electronics). The subsequent
three peaks corresponded to different-latency
TEOAE components. The TEOAE signal did not
exceed the physiological noise floor across the final
20 ms of either response. An SSOAE would be
expected to appear as either an exponentially
decaying signal or a signal with relatively constant
magnitude across the duration of the time window.
The observation that SSOAEs were not present in the
early time windows of the adjacent response implicat-
ed that the S TEOAE components were indicative of
a different cochlear phenomenon. SSOAE activity
within the early time windows was not observed in
any of the subjects participating in this study.

RESULTS
Component Latencies and Growth Rates

Figure 4 shows the TEOAE envelopes measured for
the tone-burst suppressor condition in six subjects.
Multiple magnitude peaks characterized most of the
TEOAE envelopes. Of the 10 subjects tested, 2
different-latency TEOAE components were identified
for 1 subject (124R; top-right panel), 3 components
were identified for 7 subjects (e.g., 161L; top-left
panel), and 4 components were identified for 2
subjects (e.g., 116R; bottom-left panel). Across all
subjects, several trends were apparent. First, at the
lowest stimulus levels, a LL magnitude peak (or
component) generally dominated the TEOAE enve-
lope. Second, as stimulus level increased, several SL
magnitude peaks (or components) emerged from the
noise floor, growing less compressively than the LL
peak. Third, at the highest stimulus levels, the peak
magnitudes of the SL. components were often larger
than that of the L. component. And fourth, the time
index associated with each of the different magnitude
peaks remained nearly constant as stimulus level
increased.

Figure 5 plots the latencies of the different TEOAE
components as a function of stimulus level to illustrate
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the approximate level-invariance of TEOAE-
component latency. For this figure, latency was
calculated as the power-weighted mean of the time
vector for each TEOAE component (see Eq. 5). Each
line indicates the latency of a specific component
(measured in a single subject) as a function of tone-
burst level. TEOAE-component latencies remained
nearly constant as tone-burst level increased from
44 dB pSPL to 86 dB pSPL. Also shown in Fig. 5 are
the mean latencies (averaged across stimulus level) of
the different components and their respective ranges
for each subject. With few exceptions, the latency of
each component varied by less than+0.5 ms across the
42 dB range of stimulus levels. Within subjects, the
average difference in latency between adjacent com-
ponents was 2.77 ms (standard deviation, s.d. =
0.61 ms). When expressed relative to the latency of
the later-occurring component, the latency of the
earlier-occurring adjacent component was shorter by
a factor of 1.81 (s.d.=0.34) and is similar to previous
work that has reported a difference of approximately
1.6 (Goodman et al. 2009; Moleti et al. 2012). The
near levelinvariance of the differentlatency TEOAE
components has also been previously reported
(Goodman et al. 2009; Goodman et al. 2011; Moleti
et al. 2012; Rasetshwane and Neely 2012) and is
consistent with the generation of a given component
occurring through the same mechanism and at the
same cochlear location, regardless of stimulus level.
To examine the frequency content of the different-

latency components, the instantaneous frequency,
Jfoar » Was calculated (see Eq. 4). f, is sensitive to
rapid changes in phase as well as SNR; therefore, f 5
was only measured at the time-index in each compo-
nent’s time window that was associated with the peak
in instantaneous magnitude. At this location, phase is
relatively constant and the SNR is high, thereby
allowing accurate estimation of the dominant fre-
quency of the component. Figure 6 plots the mean
and range of f,,, , across stimulus levels, of the
different-latency components. f,,, was inversely
related to the latency of the TEOAE component;
however, the change in f,,, with respect to
component latency was small. On average, f s
increased from 1.98 kHz for a component with a
9 ms latency to 2.05 kHz for a component with a 2 ms
latency. Thus, despite their different latencies, all
components had energy at similar frequencies.

The magnitudes of the differentlatency compo-
nents were collapsed across subjects and LOWESS
smoothing was used to formulate I/O functions
describing component magnitude as functions of



36

Lewis AND Goobman: Basal Contributions to SL. TEOAEs

137R
i

0.1
Q
°
2
5 0.01
=
©
£ 1
-l
°
(]
N
©
S
o
=

0.1

0.01

L
4

FIG. 4. TEOAE envelopes measured for different level tone bursts
in the tone-burst suppressor condition. Each panel shows data from
an individual subject. Decreasing line thickness indicates increasing
stimulus level (44-86 dB pSPL in 6 dB steps). The broken black line

latency and stimulus level. The left panel of Fig. 7
shows the resulting I/O functions of the different-
latency TEOAE components. Note that while compo-
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FIG. 5. Latency-intensity functions and mean latencies of the
different TEOAE components. Data represent measurements for the
tone-burst suppressor condition. TEOAE-component latency is
plotted as a function of stimulus level. The mean latency (averaged
across stimulus level) of each component and its minimum and
maximum values are indicated in the right-hand portion of the figure.
Data from different subjects are indicated by marker type.
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in each plot indicates the subject’s noise floor. The time windows for
the different-latency components are indicated by the vertical dashed
lines.

nents with latencies from 2 to 9 ms (1 ms intervals)
are plotted in Fig. 7, each subject’s response included
only a subset of these (typically 3 components
separated by 2.77 ms—Fig. 5). As stimulus level
increased, the magnitudes of the differentlatency
components all increased. At lower stimulus levels,
magnitudes were larger for longer-latency compo-
nents. However, as stimulus level increased, the
magnitudes of shorter-latency components grew less-
compressively than those of longer-latency compo-
nents, with the effect that shorter-latency magnitudes
often exceeded the magnitudes of the longer-latency
components at high stimulus levels.

The right panel of Fig. 7 shows growth-rate
functions for the differentlatency components.
Note that these data were calculated by smoothing
(LOWESS) the derivatives of the raw I/0O functions
as opposed to the mean I/O functions in the left
panel of Fig. 7. All components exhibited compres-
sive growth across most of the stimulus-level range,
suggesting that generation occurred within the
region over which the cochlear amplifier was
active. In general, compression increased with
stimulus level and decreased with component
latency. For instance, the growth rate of the 9 ms
component decreased from 0.61 dB/dB at the
lowest stimulus levels to approximately 0 dB/dB
(full saturation) at the highest stimulus levels. In
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FIG. 6. Instantaneous frequency as a function of 2 kHz TEOAE-
component latency. The mean instantaneous frequency and
range of each different-latency component, collapsed across
subjects, are indicated by the marker and error bars, respectively.
The broken red line is a 1st-order polynomial fit to the data
demonstrating the trend of increasing instantaneous frequency as
component latency decreases.

contrast, the growth rate of the 4 ms component
decreased from 1.14 to 0.3 dB/dB as stimulus level
increased to 86 dB pSPL. It is important to note
that the nonlinear paradigm used to extract the
components attenuates the OAE, the degree of
which depends on the emission’s growth rate
(attenuation increases as compression decreases;
Schairer et al. 2003; Moleti et al. 2012; Lewis and
Goodman 2014). Thus, the magnitudes of the
shorter-latency components were likely
underestimated, especially at the lowest stimulus
levels where linear growth presumably occurs.

Latency (ms)
9 —---5

15¢
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Stimulus Level (dB pSPL)
FIG. 7.
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Component Sensitivity to Suppressor Frequency

Figure 8 shows contour plots describing the change in
TEOAE magnitude, as a function of time, caused by
the differentfrequency pure-tone suppressors for
subject 169L (see Fig. 2 for this subject's TEOAE
envelopes). Data are shown for each suppressor-level
condition (i.e., I, = L,— 0dB, L, = L,— 12 dB, and
Ls; =L, — 24 dB where Ly is suppressor level and L,
is probe level) and only for suppressor frequencies
through 3.86 kHz, to facilitate comparison of the
effect of changing suppressor level. The white region
corresponds to the noise level, averaged across all
suppressor frequencies. The amount of magnitude
change induced by the suppressor is proportional to
contour darkness (the same magnitude-shading scale
is used in all panels). Each contour line denotes a
3 dB change in SNR. Overlaid on each plot are the
time windows corresponding to the locations of the
different TEOAE components (determined from the
tone-burst suppressor condition). At the highest
suppressor level (L; = L, — 0 ; left panel), the magni-
tudes of the different-latency components were sensi-
tive to suppressors across similar frequency regions.
These regions were broad and extended from at least
1-2.5 kHz. Some differential sensitivity to suppressor
frequency was apparent across the different compo-
nents, however. For example, the upper frequency
limit that induced a magnitude change of the longest-
latency component (7.01-10.77 ms) was approximate-
ly 2.5 kHz compared to 3 kHz for the earlier adjacent
component (3.56-7.01 ms) and at least 4 kHz for the
earliest component (0.72-3.56 ms).

Decreasing the suppressor level by 12 dB
(Ls = L, — 12 ; Fig. 8, middle panel) resulted in more
pronounced frequency-selective changes to the mag-
nitudes of the differentlatency components. In this
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Input/output (left panel) and growth rate (right panel) functions for different-latency TEOAE components. Component latency is

indicated by line style. The thin gray line indicates linear growth (1 dB/dB).
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FIG. 8. Effect of suppressor level on 2 kHz TEOAE components.
Data are shown for the subject whose TEOAE envelopes were
plotted in Fig. 2. The darkness of each contour is proportional to the
amount of change in TEOAE magnitude caused by the suppressor

case, the magnitude of the longest-latency component
was most sensitive to frequencies between 1.5 and
2 kHz, compared to 2 and 2.75 kHz for the adjacent
shorter-latency component and 2.75 and 3.5 kHz for
the shortestlatency component. The improved reso-
lution of the sensitive regions for each component was
primarily due to a reduction in the amount of
magnitude change caused by lowerdrequency sup-
pressors (i.e., suppressor frequencies<l.5, 2, and
2.75 kHz for the longestlatency, middle-latency, and
shortest-latency components, respectively). Reducing
the suppressor level by an additional 12 dB
(Ls =L, —24 ; third panel) resulted in a more
narrowly defined suppressor-frequency region to
which the shortestlatency component was sensitive;
however, the SNRs of the later components were
typically poor.

The data for the Ly = L, — 0 dB and L, = L, — 24
dB conditions were often insufficient to determine
whether the different latency, 2 kHz TEOAE compo-
nents were differentially sensitive to suppressor fre-
quency. Therefore, only data for the Ly = L, — 12 dB
condition were further analyzed. Figure 9 shows
contour plots for the six subjects whose TEOAE
envelopes were shown in Fig. 4. Included in each plot
is data for the suppressor frequencies between 1 and
6 kHz, and the band-limited noise (BLN) suppressor.
For all subjects, there is a trend of earlier-occurring
components being increasingly sensitive to higher-
frequency suppressors. The data for subject 161L
(Fig. 9, top-left panel) provide an especially clear
example of this trend: Suppressor frequencies be-
tween 1.37 and 2.2 kHz had the greatest effect on the
magnitude of the longestlatency component (6.01-
10.77 ms) compared to suppressors between 1.9 kHz
and 2.6 kHz for adjacent shorter-latency component
(3.4-6.01 ms) and suppressors between 2.5 and 5 kHz
for the shortestlatency component (0.25-3.4 ms).

frequency. Each panel shows a different suppressor-level condition,
as indicated in the upper right corner. Vertical dashed lines delineate
the time windows for the different-latency components.

While the data for subject 161L show sensitivity of
each component generally constrained to a single
“group” of frequencies, this was not always the case. In
some instances, a given component was sensitive to
several groups of suppressor frequencies. An example
of this is found in the data for subject 153L within the
time-window of the shortest-latency component
(0.25-4.62 ms; Fig. 9, bottom row, middle panel).
This component exhibits sensitivity to four distinct
frequency groups centered around 2.6, 3.1, 3.9, and
6 kHz. Each of these different groups caused change
to the TEOAE component’s magnitude across slightly
different time indices within the analysis window. The
6 kHz suppressor affected an earlier portion of the
component compared to the 3.9 kHz suppressor
which, in-turn, affected an earlier portion of the
TEOAE than the 3.1 kHz suppressor, and so forth.

In certain cases, multiple components were sensitive
to similar suppressor frequencies. For instance, the
magnitudes of the components between 2.04—4.44 and
4.44-7.73 ms for subject 116R were both sensitive to
suppressor frequencies around 2.6 kHz (Fig. 9, bottom
row, left column). This overlap was most apparent
near the time boundary that separated the adjacent
components (4.44 ms), suggesting that it may be an
indication of a suppressor frequency enhancing one
component while suppressing the other. For instance,
if the two components partially overlapped in time
and their phases were different, cancellation would
occur across the time-indices where they overlapped.
When one component is suppressed by a particular
frequency, the other component that was previously
partially cancelled in the absence of the suppressor
would be released from cancellation, or, enhanced.
Release from cancellation may also be indicated in the
data for subject 161L between the two shortest-latency
components (~3.4 ms) for a 2.9 kHz suppressor. It is
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FIG. 9. Contour plots showing the effect of different frequency
suppressors on the TEOAE. Data is shown for the pure-tone
suppressor condition (L, = L, — 12 dB) and the band-limited noise
(BLN) suppressor condition. Each panel shows the data for an
individual subject (panels correspond with those of Fig. 4). The

also likely that at least some of the overlap between
components was due to the distributed nature of the
tonal suppressors. Namely, any suppression induced by
the suppression occurs not only at the suppressor’s
tonotopic place, but also at more basal cochlear
places.

Suppressor frequencies above 4 — 5 kHz caused
minimal change to TEOAE-component magnitudes.
This was especially true for the components whose
latencies were longer than 2-3 ms. For shorter-
latency components, there were several instances
where the 6 kHz suppressor and the BLN changed
the magnitude of the component. Consistent with
the overall trend of higher-frequency suppressors
affecting earlier temporal portions of the TEOAE,
the 6 kHz and BLN suppressors had effects very
early in time. For example, subject 153L (Fig. 9,
bottom row, middle column) shows a region of
suppressor-sensitivity beginning around 5 kHz and
extending to at least 8 kHz (the lower frequency
limit of the noise burst) across the initial 2 ms of
the 2 kHz TEOAE.

For each subject, the most effective suppressor
frequency of the TEOAE (suppressor frequency

6 8 10 O 2 4 6 8 10
(ms)

darkness of each contour is proportional to the amount of
suppression caused by the suppressor on the TEOAE. Time windows
for the differentlatency components are indicated by the dashed
lines.

causing greatest change in TEOAE magnitude) at
each moment in time, f[n] , was calculated as,

A 2
ﬁOAE[n7 K]
E— (6)

Z:leoggf 5[]
>

73 [n] =

?OAE [”a k]

where f¢ was the suppressor-frequency vector
(1-3.86 kHz, 1/7-octave steps), k was the frequency

~ 2
Poacln, k]‘

of the TEOAE envelope at a moment in time (n ) for
a given suppressor frequency (k ). Equation 6 calcu-
lates the power-weighted mean of f¢ at each momentin
time. Calculation was performed on the logs-
transformed vector and only across the 1-3.86 kHz
range since these suppressor frequencies had equal
octave spacing. Exclusion of the 5 and 6 kHz and BLN
suppressor data was not expected to significantly
affect the estimation as these suppressors generally
caused little change to TEOAE magnitude. The left
panel of Fig. 10 plots f (transformed to kHz) for all

index, and was the instantaneous power
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FIG. 10. Most effective suppressor frequency of the different-latency
2 kHz TEOAE components as a function of time (left panel) and for each
component (right panel). The left panel plots results from Eq. 6 for each
subject (indicated by line type). The right panel plots the results from Eq. 7

subjects. Consistent with the data reported in Fig. 9,
fs decreased as TEOAE-component latency in-
creased. The time-dependence of [, was similar
across subjects, with values decreasing from around
3 kHz between 2 and 3 ms to 1.8 kHz between 8 and
10 ms. For many subjects, 73 remained relatively
constant across time before exhibiting a sudden
decrease, such that 78 resembled a staircase
function. Rapid decreases in fg were typically
associated with the time boundaries between
different-latency components.

To estimate the suppressor frequency that caused
the greatest change to each component’s magnitude,

fs» [s was averaged across the component’s time

window. f¢ was calculated as:
N4 1k D ?
Zn:1 /sln] EZk:l Poag(n; K]
5= P ?)
N K
anl K Zk:l
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where n was the time index bounded within the time
window of a given TEOAE component. Equation 7
calculates the power-weighted mean of f¢ across the
time window of the component. The right panel of

Fig. 10 plots fg for each of the differentlatency
components. Consistent with the data shown in the
contour plots, the magnitudes of the different-latency
components were sensitive to different suppressor

0 2 4 6 8 10
Latency (ms)

for each subject (open circles) and the model fit using a 1st-order
exponential function (solid line). Model parameters with 95 % confidence
intervals are provided in the lower left corner of the plot.

frequencies. Overlaid on the individual data is a 1st-

order exponential fit (f = ae” ; f¢ frequency in kHz
and ¢ = time in ms). This model was chosen as it
provided the best fit to the data using the fewest
number of parameters. Per this model, the most
effective suppressor frequency increases from
1.75 kHz for a 9.64 ms component (i.e., the longest-
latency component measured) to 3.07 kHz for a
1.836 ms component (i.e., the shortest-latency compo-
nent measured).

DISCUSSION
Basal Contributions to SL TEOAE Components

The current study extended previous work that has
reported on the growth rates and latencies of
different-latency TEOAE components (e.g.,
Goodman et al. 2009; Sisto et al. 2013) by examining
the relationship between each component’s latency
and the suppressor frequency that caused the greatest
change in the component’s magnitude. This relation-
ship was of interest as it provides an empirical test of
the hypothesis that shorter-latency components are
generated basal to longer-latency components of
similar frequency (Withnell et al. 2008; Goodman
et al. 2011; Moleti et al. 2013). In light of recent work
demonstrating that S components depend on the
active cochlear elements at locations basal to those of
the LL component (Moleti et al. 2014), a two-tone
suppression paradigm was used to examine the extent
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of those contributions. Per two-tone suppression
theory (e.g., Geisler et al. 1990), suppression of the
active elements’ response (at a particular frequency
location) to the TEOAE probe will affect (presumably
reduce) the magnitude of the associated TEOAE
component. Shorter-latency components with a basal
origin should, therefore, be sensitive to higher-
frequency suppressors than longer-latency compo-
nents that are generated closer to the tonopic place.

The findings from the current work support the
hypothesis that SL TEOAE components are generated
basal to the LL components. As TEOAE-component
latency decreased, the suppressor frequency that
induced greatest change to the component’s magni-
tude increased. The most effective suppressor fre-
quency of the shortestlatency components (~3 kHz
and ~1.5 ms, respectively) was, on average, 3/4-octave
higher than that of the longestlatency components
(~1.8 kHz and ~10 ms, respectively). As suppressor
frequencies above 3 — 4 kHz generally had only a
small effect on SL magnitudes, the primary contribu-
tions to the 2 kHz TEOAE appear to be constrained
within a region extending 3/5-octave basally from the
tonotopic place.

Overall, findings are consistent with the idea that
the basilar membrane response to a particular fre-
quency depends on the action of active elements basal
to the characteristic frequency (CF) place (Geisler
et al. 1990; Patuzzi 1996). Other physiological mea-
sures have also implicated distribution of the active
elements responsible for frequency-specific amplifica-
tion being basal to the CF place. For instance,
auditory nerve fibers (ANF) exhibit greatest sensitivity
to suppressor frequencies slightly higher than the
fibers’ CF (10 % to 30 % or 1/7- to 1/3-octaves, e.g.,
Arthur et al. 1971; Delgutte 1990; Zhang et al. 2001).
SFOAE suppression studies using low-level suppressor
and probes show a similar phenomenon in that the
SFOAE is most sensitive to suppression by frequencies
10 % to 20 % higher (1/7- to 1/4-octaves) than the
OAE frequency (Brass and Kemp 1993; Keefe et al.
2008; Lineton and Wildgoose 2009; Charaziak et al.
2013). For higher-level probes, SFOAE sensitivity to
suppression shifts to even higher frequencies (~50 %
or 3/b-octave higher than the OAE frequency; see
Fig. 3 in Keefe et al. 2008).

In light of the presumed basal distribution of the
active elements contributing to the BM response at
the CF place, it is curious that the longestlatency
components (latencies between 8 and 10 ms) were
typically most sensitive to 1.8 — 1.9 kHz suppressors,
despite having instantaneous frequencies closer to
2 kHz. This observation may be due, in part, to the
use of tonal suppressors. A tonal suppressor induces
suppression not only at its tonotopic place, but also at
places more basal (i.e., low-side suppression; for

41

review see Robles and Ruggero 2001; in OAEs see
Zettner and Folsom 2003 and Keefe et al. 2008). A
given suppressor may therefore suppress TEOAE
components generated basal to the suppressor’s
tonotopic place (as illustrated in Fig. 8 for I, =1L,
—0 ), with the effect of biasing the component’s
estimated generation region to lower frequencies.
The longestlatency components may be especially
susceptible to lowerfrequency suppressors assuming
their highly compressive growth reflects that of the
underlying BM response (Pang and Guinan 1997). In
this regard, the use of a high-pass noise suppressor
with cutoff frequency that is progressively shifted to
higher frequencies may be advantageous. Compared
to the basal extent of suppression, the suppressor’s
effect is significantly reduced apical to the suppres-
sor’s tonotopic place (e.g., Cooper 1996) and any
change in the TEOAE between different noise-
suppressor conditions could be more definitively
associated with contributions from a specific frequen-
cy region.

It is difficult to compare the current study’s
findings to others that have also empirically estimated
the generation region of TEOAEs using suppressor
tones (e.g., Tavartkiladze et al. 1994 and Zettner and
Folsom 2003), as these earlier studies did not un-mix
the TEOAE into its differentlatency components.
Tavartkiladze et al. concluded that TEOAEs are
generated at the tonotopic place, after finding that
the tips of the suppression-tuning curves for a 1.5 kHz
and 2.5 kHz tone-burst-evoked OAE were roughly 1.5
and 2.5 kHz, respectively. Zettner and Folsom report-
ed the tip of the suppression tuning curve to be within
1/4-octave above the tonotopic place for a 4-kHz tone-
burst-evoked OAE. Both investigators used versions of
the ILO system (Otodynamics Ltd.), which attenuates
the initial 5 ms of the TEOAE to reduce stimulus
artifact contamination (Kemp et al. 1986) thereby
eliminating and/or reducing the magnitudes of
shorter-latency components. Consequently, these
studies’ estimates were likely biased to generation of
the longer-latency components of the TEOAE and
regions closer to the tonotopic place.

Recently, Moleti et al. (2014) estimated the gener-
ation region of SL TEOAE components to be within
~1/5 to 1/10-octave basal to the tonotopic place by
calculating the shift in frequency between LL and SL
TEOAE spectra measured in ears with noise-induced,
high-frequency hearing loss. This region of genera-
tion is constrained closer to the tonotopic place than
that of the current study; however, the TEOAE
extraction technique from Moleti et al. precluded
measurement of components within the earliest
portion of the TEOAE. For instance, the SL analysis
window used by Moleti et al. at 2 kHz was bounded
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between approximately 4 and 7 ms. In contrast, the
current work analyzed 2 kHz components with
latencies as short as 1.4 ms. The inclusion of these
components is a likely contributor to the difference in
generation regions between the current work and that
of Moleti et al. In a previous study, Moleti and
colleagues (2013) used a cochlear model to simulate
TEOAE generation and estimated a generation re-
gion of SL. components extending to 1/3-octave basal
to the tonotopic place, which is closer to the estimate
from the current study. Compared to their empirical
work, the modeled SL. TEOAE component analysis
window from Moleti et al. (2013) extended to shorter
latencies (~2 vs. 4 ms) and may account for the
model’s more basally distributed estimate of SL
generation as well as the better agreement with the
current study’s empirical estimate. Regardless of these
differences, contributions basal to the tonotopic place
appear to explain findings that show basal cochlear
trauma can affect the magnitudes and latencies of
lower frequency TEOAEs (e.g., Avan et al. 1997;
Jedrzejczak et al. 2005; Withnell et al. 2000; Lucertini
et al. 2002; Murnane and Kelly 2003; Moleti et al.
2014).

The technique used in this study to examine the
effect of differentfrequency suppressors on TEOAE
magnitude did not permit differentiation between
TEOAE suppression and enhancement. The effect of
reducing suppressor level on the magnitude of the
residual TEOAE (Fig. 8) is generally consistent with
suppression in that TEOAE magnitude decreased with
suppressor level more rapidly across lower-frequency
suppressors. A similar effect is evident in BM two-tone
suppression using low-side suppressors (e.g., Ruggero
et al. 1997). Distinguishing between suppression and
enhancement is not necessarily important as both are
expected if the TEOAE at a particular frequency
includes contributions across a distributed region of
the BM (Withnell and Yates 1998). However, enhance-
ment may also occur if the suppressor tone induces a
new region of generation that would not otherwise
contribute to the TEOAE (Shera et al. 2004). The
observed data are generally not consistent with this
form of enhancement as the latencies of the TEOAE
components measured with and without the suppres-
sor tones were similar. In other words, the presence of
the suppressor did not appear to recruit locations that
were not already contributing to the TEOAE.

Generation Mechanisms of TEOAE Components

At low stimulus levels, the TEOAE envelope was
dominated by a single, highly compressive-growing,
long-latency component (latency between 7 and
10 ms) that was most sensitive to suppressor frequen-
cies between 1.8 and 2 kHz. These characteristics are

Lewis AND Goobman: Basal Contributions to SL. TEOAEs

consistent with generation near the tonotopic place
and subsequent propagation to the ear canal through
a slow, reverse-traveling cochlear wave. As such,
generation of the longer-latency part of the TEOAE
through LCR, i.e., the mechanism likely responsible
for low-level SFOAE generation (Zweig and Shera
1995; Shera and Guinan 1999), is plausible (Kalluri
and Shera 2007a). However, the measured latencies of
the longer-latency components in the current study
are generally prolonged compared to that of low-level
SFOAE:s. Per Table I in Shera and Guinan (2003), the
predicted latency of a 2-kHz SFOAE is 7.11 ms (95 %
confidence interval: 6.03-8.28 ms). The range of
latencies for the longestlatency 2-kHz TEOAE com-
ponents in the current study, 7.54-9.57 ms, was longer
by approximately 1.5 ms. One possible explanation
for this difference is that the SFOAEs (evoked by
40 dB SPL tones) from which the Shera and Guinan’s
latencies were calculated included not only a robust
LL component but also a basally generated SL
component. Although the contribution of any SL
component at a probe level of 40 dB SPL to the total
SFOAE would likely be less than the contribution
from the LL component, it may be sufficient to bias
the latency calculation to shorter values (Siegel et al.
2005; Shera et al. 2010). In support of this hypothesis,
SL SFOAE components have recently been measured
at probe levels as low as 20 dB SPL (Sisto et al. 2013).

Basal generation of SL. TEOAE components is
broadly consistent with the hypothesis that the
components are generated through intermodulation
distortion induced by cochlear interactions between
differentfrequency components in the evoking-stimu-
lus’ bandwidth (Withnell and Yates 1998; Withnell and
McKinley 2005; Withnell et al. 2008; Goodman et al.
2009; Moleti et al. 2012). However, if generated
through intermodulation distortion, SL contributions
to the OAE would be expected to decrease as the
spectral bandwidth of the evoking stimulus
decreases—recent work has failed to show such an
effect (Sisto et al. 2013; Lewis and Goodman 2014).
Instead, the contribution from SL components to
both the SFOAE and the OAE evoked by long
duration tone bursts with narrow spectral bandwidths
is similar to that for the OAE evoked by transient
stimuli with broad spectral bandwidths (clicks and
short duration tone bursts).

Basal reflection is an alternative mechanism that
has been proposed as the origin of SL TEOAE
components (Goodman et al. 2011; Moleti et al.
2013). Per this mode of generation, impedance
irregularities distributed basal to the tonotopic place
reflect a portion of the apically propagating traveling-
wave energy. The general agreement between the
current study’s empirically based estimate of the SL
TEOAE-component generation region and the basal-
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reflection model-based estimation from Moleti et al.
(2013) supports the basal reflection hypothesis. The
physical basis for SL generation may lie in the
recruitment of basal cochlear regions of coherent
reflection as the BM response to the OAE probe
extends basally with increasing probe level.

TEOAE-Component Growth and Cochlear
Compression

The growth rates of the differentlatency TEOAE
components are hypothesized to provide a non-
invasive assay of cochlear compression across different
portions of the traveling wave. The I/O functions for
the differentlatency TEOAE components plotted in
Fig. 7 are qualitatively (if not quantitatively) similar to
basilar membrane I/O functions measured in non-
human mammals at a fixed place to different-
frequency tones (Ruggero et al. 1997; Ren and
Nuttall 2001; Ren 2002; Rhode 2007). By re-casting
each TEOAE component’s latency in terms of its
approximate generation place (using the relationship
defined in Fig. 10), the TEOAE-component I/O
functions are consistent with (1) the BM response to
a fixed-frequency tone becoming increasingly less
compressive as the distance basal to the tone’s CF
place increases and (2) the peak BM response for a
fixed-frequency tone shifting basally as stimulus level
increases.

The use of the equal-level double-evoked paradigm
in the current study limits more detailed quantitative
comparisons between TEOAE and BM growth rates,
especially at lower stimulus levels. Specifically, the
growth rates measured using a non-equal-level
double-evoked paradigm (suppressor 12 dB higher
than probe) tend to be less compressive than those
measured using a linear paradigm (Goodman et al.
2011). This effect is more pronounced when the
suppressor and probe are equal level (as was the case
in the current study; Lewis and Goodman 2014).

Generalization to Other TEOAE Frequencies

Data collection and analysis was limited to the
differentlatency components within the 2 kHz-band
of the TEOAE. As such, the generalization of the
findings to other frequencies is unclear. Similar
temporal spacing between differentlatency compo-
nents and growth rates to those reported in the
current study have been observed at frequencies
through 8 kHz (e.g., Goodman et al. 2009 and Sisto
et al. 2013) and demonstrate that the phenomenon of
different-latency components is not unique to the
2 kHz TEOAE. SL components have also been
measured for TEOAE frequencies between 1 and
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1.5 kHz (e.g., Goodman et al. 2009; Moleti et al.
2012), which is closer to the transition frequency
between basal and apical mechanics (Shera et al.
2010; Dhar et al. 2011). Whether a similar phenom-
enon might be observed at even lower frequencies is
unclear. Concerning the generalizability of the esti-
mated cochlear region contributing to SL generation,
basal contributions have previously been implicated at
TEOAE frequencies between approximately 1 and
5 kHz (Moleti et al. 2013, 2014). However, across this
range, there is a trend of the SL generation region
becoming increasingly distributed basal to the
tonotopic place as frequency decreases, perhaps
indicative of a reduction in cochlear tuning (see
Fig. 4 in Moleti et al. 2014).
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