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Human OAE Interrelationships

Abstract

It has been proposed that OAEs be classified not on the basis of the stimuli used to evoke them,
but on the mechanisms that produce them [44]. One branch of this taxonomy focuses on a co-
herent reflection model and explicitly describes interrelationships between spontaneous emissions
(SOAESs) and stimulus—frequency emissions (SFOAEs). The present study empirically examines
SOAEs and SFOAEs from individual ears within the context of model predictions, using a low
stimulus level (20 dB SPL) to evoke SFOAEs. Emissions were recorded from ears of normal-
hearing young adults, both with and without prominent SOAE activity. When spontaneous activity
was observed, SFOAEs demonstrated a localized increase about the SOAE peaks. The converse
was not necessarily true though, i.e., robust SFOAEs could be measured where no SOAE peaks
were observed. There was no significant difference in SFOAE phase—gradient delays between
those with and without observable SOAE activity. However, delays were larger for a 20 dB SPL
stimulus level than those previously reported for 40 dB SPL. The total amount of SFOAE phase
accumulation occurring between adjacent SOAE peaks tended to cluster about an integral number
of cycles. Overall, the present data appear congruous with predictions stemming from the coherent
reflection model and support the notion that such comparisons ideally are made with emissions

evoked using relatively lower stimulus levels.
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List of abbreviations

DPOAE - distortion-product otoacoustic emission
e ¢OAE - evoked otoacoustic emission
e Ngroar — SFOAE phase—gradient delay expressed in stimulus periods

e Ngoag — geometric mean frequency between adjacent SOAE peak pairs divided by their

frequency separation
® RRgapes — product of the reflectances at the stapes and the peak of the traveling wave
e SFOAE - stimulus-frequency otoacoustic emission
e SOAE - spontaneous otoacoustic emission

e TEOAE — transient-evoked otoacoustic emission
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1. Introduction

Sounds evoked from the ear, known as otoacoustic emissions (OAEs), provide a noninva-
sive window into the mechanics of hearing [41] and are readily measurable across a wide range
of species [24]. Furthermore, the ears of many normal-hearing individuals emit spontaneously
(SOAES) [22, 62]. In humans, these emissions tend to be narrow-band in nature, spectrally unique
to a given ear, and relatively stable over long periods of time [9]. Additionally, SOAEs have been
shown to demonstrate statistical properties consistent with self-sustained sinusoids [7, 46], sug-
gestive as evidence for an amplification process at work in the ear. However, the study of SOAEs
for evaluating cochlear status has been limited, presumably due to their relatively low incidence
in normal-hearing individuals: human SOAEs occur in roughly 60-80% of women and 25-60%
of men [36, 61, 53]'. When SOAEs are present, they are typically sparsely distributed and at
idiosyncratic frequencies, making them difficult to use for audiological screening purposes.

Evoked emissions (€OAEs) have demonstrated clinical value [41] and are thus more commonly
measured than SOAEs. Traditionally, distortion product and transient—evoked OAEs (DPOAEs,
TEOAES) are routinely examined, despite complexities associated with their generation stem-
ming from the multi—frequency evoking stimuli and the nonlinearity of the cochlea. For example,
DPOAE:s have been demonstrated to arise from at least two distinct sources in the cochlea, both of
which can interfere in a complex fashion [55]. Less commonly measured are stimulus-frequency
otoacoustic emissions (SFOAEs), arguably the simplest type of evoked emission, arising in re-
sponse to a single stimulus tone [23, 65, 34, 64, 48, 19]. SFOAEs have been recently demonstrated
to objectively provide estimates of cochlear filter tuning bandwidths [47, 17]. However, technical

difficulties associated with their measurement have limited their study?, as has controversy over

!Quantitatively, the precise incidence depends strongly upon the detection method employed (e.g., microphone
noise, averaging technique) [53]. Racial differences in SOAE incidence have also been noted [61], as well as lateral-
ization (SOAEs are more common in the right ear rather than the left) [8, 26] and variations with heartbeat [31].

2SFOAEs arise at the same frequency as the stimulus being used to evoke them, thereby making them difficult to
extract. Typically a suppression paradigm is employed (see Methods), but such a method can be more sensitive to
nonlinearities associated with the measuring earphone(s) and mic. However, there are numerous other methods by
which SFOAE:s can be extracted, all leading to the same result when low stimulus levels are employed [18].

4
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interpretation of SFOAE generation [e.g., [49]].

Previous theoretical studies have suggested that low—level SFOAEs arise primarily from a lin-
ear process of coherent reflection [63, 56]. These reflections are hypothesized to arise due to
random perturbations along the cochlea, or an inherent roughness of the cochlear partition [32].
A taxonomy classifying emissions posits that SOAEs and SFOAEs arise fundamentally from the
same mechanism [44], SOAEs being a special self—sustained case where the cochlea behaves in
a manner analogous to a laser-cavity [46]. While such a hypothesis was tested empirically and
found to hold well [46], a stimulus (probe) level of L, = 40 dB SPL was used to evoke the
SFOAESs. As motivated by [38], [46] argued for an “intensity correction” to the data, a step that
should be unnecessary if a lower probe level is used. Another motivation for using lower stimu-
lus levels stems from the nonlinear nature of the cochlea. In light of empirical observations that
mammalian basilar membrane growth functions are linear for low stimulus levels, but become
compressive above ~20-30 dB SPL [42], a moderate stimulus level of L, = 40 dB SPL may
introduce nonlinear effects that could confound relating data to model predictions. In fact, human
SFOAE phase—gradient delays have been shown to increase further with decreasing stimulus level
[63, 43, 2], though delays have not been examined in detail for stimulus levels below 40 dB SPL.
One additional consideration is that comparisons between SOAEs and SFOAEs made by [46] were
examined in grouped data pooled across subjects, not data from individual ears. Such comparisons
in individuals would provide additional ways to test model predictions, by quantifying features
such as how SFOAE phase changes about and between adjacent SOAE peaks.

The goal of the present study is to examine several questions within the context of SOAEs and
SFOAEs interrelationships, as motivated by the coherent reflection [63] and global standing wave

models [46] for emission generation. Specifically:

e What correlations exist between SOAEs and SFOAEs in individual ears? For example: Do
SOAESs occur where SFOAE magnitudes are largest? How much SFOAE phase accumula-

tion occurs between SOAE peaks?
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e How do SFOAEs compare between subjects with and without strong SOAE activity?

e How do the properties of SFOAEs evoked with lower stimulus levels (20 dB SPL) compare
to results of other studies using similar methods, but higher stimulus levels (e.g., 40 dB

SPL)?

Regardless of any specific model, addressing these empirically-based questions will shine further

light upon the biophysical mechanisms at work in the ear responsible for OAE generation.

2. Methods

2.1. Measurement System

All measurements reported here were obtained using similar methods as those reported previ-
ously [44, 3]. A desktop computer housed a 24-bit soundcard (Lynx TWO-A, Lynx Studio Tech-
nology), whose synchronous root mean square (RMS) input/output was controlled using a custom
data—acquisition system. A sample rate of 44.1 kHz was used to transduce signals to/from a probe
containing an Etymotic ER-10A microphone and two ER2-A earphones®. The microphone was
calibrated using a pistonphone (Briiel and Kjer, type 4230). For OAE experiments, mic responses
were amplified by 40 dB and high-pass filtered with a cut-off frequency of 0.41 kHz to minimize
the effects of noise. The OAE probe was coupled to the external ear by means of a rubber tip. This
ensured a tight (closed) acoustic coupling and minimized low-frequency losses (< 1 kHz). The
probe earphones were calibrated in-situ by presenting flat-spectrum, random-phase noise. Calibra-
tions were verified repeatedly throughout the experiment. All stimulus frequencies were quantized
such that an integral number of cycles were contained within the sampling window. All testing

was conducted in a sound-attenuating booth.

3A small subset of data, not included in the final analysis, was also obtained using an ER-10C. Similar results for
a given ear were obtained from both probe assemblies.
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2.2. Measurement and Analysis Paradigm

Subjects were typically seated quietly in the booth for an initial period of at least 10—15 minutes
before testing [60]. SOAE data were typically collected at the start of an experiment, though in
several cases they were collected both before and after SFOAE data collection. No differences were
generally seen in those cases. A total of 60 waveforms (32768 sample window, SR= 44.1 kHz)
were acquired and the FFT magnitudes spectrally averaged, either with or without a suppressor
tone present. The presence of SOAE peaks was typically confirmed by presenting a nearby tone
(40 dB SPL) and observing suppression.

For SFOAESs, the range of stimulus frequencies (f,) employed was typically 0.5 — 5 kHz,
depending upon the location of SOAE activity. The frequency step of ~ 15 Hz was chosen as a
compromise between obtaining SFOAE data in a reasonable amount of time and trying to avoid
ambiguities in phase unwrapping (particularly about SOAE peaks, where SFOAE phase can rotate
rapidly). The stimulus and emission frequency are one and the same for SFOAEs. A two—-tone
suppression paradigm was employed to extract the SFOAE [44]. A stimulus level of L, = 20 dB
SPL was used. The suppressor parameters were: fs = f, +40Hz, Ly = L, + 15 dB (where f; and
Ly are the suppressor frequency and level, respectively). It is noted that while a previous SFOAE
study [19] examined low stimulus levels (L, < 40 dB SPL), in contrast to the present study they
used a fixed suppressor level (Ls = 55 dB SPL). The reasoning for using a fixed Ly — L, (and
thereby L; = 35 dB SPL) here was that, given the nonlinearity of the cochlea that manifests at
moderate to high stimulus levels, by keeping all presented stimuli as relatively low as possible
unanticipated nonlinear effects would be reduced.

A total of 35 waveforms (8192 sample window) were averaged, excluding any flagged by an
artifact-rejection paradigm [44]. A period of ~ 20 ms was allowed before the start of the sample
window, allowing for the associated response to reach steady—state. Propagation of error in the
suppression paradigm was computed across the averages to compute uncertainty via the standard

error of the mean [2]. Frequency step-size during sweeps was small enough to avoid ambiguity
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during the phase unwrapping. Delays associated with the measurement system were determined
and subtracted out. The noise floor was defined as the average sound-pressure level centered about
(but excluding) the frequency of interest. It was quantified via averaging the magnitudes of the +3
bins about the probe in the fast Fourier transform (FFT) of the response.

The phase-gradient delay, expressed either in time (7oA ) or number of stimulus periods (Nspoag),
is obtained from the derivative of the phase function with respect to probe frequency (f;). Itis given

by
_ Jo 9doar

o Of, 1

Nsroar = fpToAE =

where ¢oag is the emission phase (in radians) and f;, is in hertz. Delays (i.e., Toar) were computed
from individual (unwrapped) phase responses using centered differences [45]. Only unique data
from each ear were included (i.e., no repeats). Phase-gradient delays were corrected for the acous-
tic delay due to the distance in the canal between the probe and tympanic membrane (assumed 2
cm for all subjects). Delay trends were computed via a locally—weighted regression (loess). To
further reduce the effects of outliers at the end points, only Nsgpoar values whose corresponding
magnitude (as well as the magnitude of its neighbors) was at least 10 dB above the noise floor
were included in the fits. Uncertainty in the loess trends was computed via bootstrapping: By
randomly re-sampling the data (using the same total number of points) and recomputing the trend,
the corresponding standard deviation across fits could be determined. Such computations provided
the corresponding 95% confidence intervals. Additional details regarding the computation of the
loess fits can be found elsewhere [45, 3].

Analysis required estimation of SOAE peak frequencies and the SFOAE phase at those frequen-
cies. SOAEs were determined to be present when there was a peak whose shape was consistent
with previous reports [e.g., Fig.6 in [46]] and was at least 3 dB above the noise floor*. Second,

estimating the SFOAE phase at the SOAE frequencies involved a simple linear interpolation (see

“Unfortunately, these conservative criteria likely excluded some smaller, more broadband peaks that may have
been more readily (and justifiably) detectable using different extraction methods [53, 58].
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Fig.4A). These values were then used to compute the SFOAE phase difference between adjacent

SOAE frequencies (A¢ in Fig.4).

2.3. Subjects

All subjects were normal-hearing adults (between the ages of 19 and 39, mean age 23 years old)
and passed pure-tone hearing screening (0.5-4 kHz at 15 dB HL) and had normal tympanograms
(except for one particular subject; see Results). Data from a total of 16 different subjects (22
unique ears) are included here. Of these, eight subjects exhibited robust SOAE activity (3 or more
peaks meeting the above criteria) in at least one ear, two mild activity (1 or 2 peaks), and six had no
measurable activity at all in either ear. However, these numbers are somewhat biased in that early
in the study, several subjects were excluded from SFOAE measurements due to a lack of SOAE
activity. All subjects were female except for two. As noted above, subjects sat quietly in the booth
long enough to allow any potential adaptation effects to subside®. Though SOAEs can be affected

by aspirin consumption [35, 29, 30], this was not controlled for int he present study.

3. Results

Figure 1 shows a comparison of SOAEs and SFOAEs for several different representative in-
dividuals. Panels A and B indicate two subjects that had both robust SOAE and SFOAE activity.
Panel C shows an example of a subject who demonstrated robust SFOAE:s, but little SOAE activity
apparent. While this type of behavior was observed in about ~ 35% of all the ears examined,
several subjects were excluded from SFOAE data acquisition due to lack of SOAE activity. Thus,
the true distribution can not be inferred due to such a bias. Note that several small, wideband peaks
may be just discernible in the SOAE spectrum of panel C (e.g., 1.96, 3.2, and 3.7 kHz) [see [53]].

Conversely, panel D shows data from the only subject (39 year old female) who bilaterally had

SWe observed early in the study that SOAEs in subjects, who are known to posses spontaneous activity, can be
reduced or altogether absent without such a ‘settling’ period. This effect appears to be associated with the acoustic
environment they were in immediately before coming to the lab (i.e., noisy environments or exposure to loud sounds
caused greater reduction), and presumably is due to some sort of slow adaptation effect [60].
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Figure 1: Comparison of SOAEs and SFOAEs (evoked via a 20 dB SPL stimulus tone) for four normal hearing
adults. Dashed lines indicate the noise floor for the (time—averaged) SFOAE recordings. Uncertainties are shown via
the grey shading, which indicate the standard error of the mean across the number of waveforms averaged for a given
frequency. Panels A and B show subjects who exhibited both SOAE and SFOAE activity. Panel C indicates a subject
who had little SOAE activity, but robust SFOAEs. Conversely, panel D shows the one subject in the study who had
strong SOAE activity, yet SFOAEs were relatively small. The subject in panel D also had an abnormal tympanogram,
despite normal audiometric thresholds (see text). Note the different abscissa scales across panels.
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Figure 2: Comparison of SFOAE phase—gradient delays (Ngroag). In both panels, thick curves show loess trend
lines along with 95% confidence intervals (see Methods), where only points whose magnitudes was at least 10 dB
above the noise floor are included. A — Comparison of present data collected at L;, = 20 dB SPL (m= 16 different
subjects, n=22 unique ears) versus those collected at L, = 40 dB SPL from a previous study [45] that used similar
methods. B — Comparison of subjects within the present study (L, = 20 dB SPL), differentiated between those
showing robust SOAE activity (at least three peaks, 10 dB or more above the noise floor; m=8, n=11) versus those
who showed none (m= 6, n=8).

robust SOAE activity, but relatively small SFOAEs. While this subject had normal audiometric
thresholds, she had a history of chronic otitis media with effusion and multiple tympanic mem-
brane ruptures during childhood. This subject was the only one in the study with an abnormal
tympanogram, which indicated a hypermobile tympanic membrane. In all subjects, SFOAEs were
readily detectable and the SFOAE phase exhibited many cycles of accumulation as the stimulus
tone was swept (Fig.1), indicative of delays on the order of several milliseconds long. Measure-
ments from an individual were stable within a recording session, at least beyond the initial settling
time as noted in the Methods. While longer term stability was not examined in detail, emissions
appeared generally reproducible across sessions in several individuals where such recordings were
made.

The SFOAE phase-gradient delays, expressed as dimensionless Nspoag [47, 6], are shown in
Figure 2. Two different comparisons are made. In panel A, the present data (L, = 20 dB SPL)

are plotted along with those from a previous study [45] that used similar methods, but a higher

11
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stimulus level (L, = 40 dB SPL)®. The delays are systematically longer in the case of lower
stimulus levels, consistent with previous reports [56, 43, 2]. Comparing the trends from 1-4 kHz,
the L, = 20 dB SPL delays are larger by a factor of 1.17-1.3 compared to the L, = 40 dB
SPL case, this ratio not exhibiting a strong dependence upon frequency. Note the larger variance
apparent in the low-level data of Fig.2A, which may reflect the fact that the magnitudes are closer
to the noise floor and dip down into it (thereby causing random discontinuities into the unwrapped
phase). In panel B, the present data are broken up into two groups: individuals with robust SOAE
activity (at least three peaks, each 10 dB or more above the noise floor) and those with no apparent
SOAESs. There was no systematic offset in the noise floor across the groups, indicating that the
lack of SOAEs in one group was not simply due to an increased noise floor. Statistically the two
groups are indistinguishable (as indicated by the overlap in the 95% confidence intervals), thus
indicating that Ngpoag values are similar across both groups. A slightly larger variance apparent
for the strong SOAE group may reflect contributions of sudden phase jumps that sometimes occur
between peaks in an individual response.

Figure 3 indicates the distribution of Ngoag values from the present data set (70 total pairs).
These values were quantified by determining the geometric mean frequency between adjacent peak
pairs and dividing by the frequency separation between them [46]. Note that [46] used SOAE
peak spacing data from previous studies [53, 8] comprising a total of 556 pairs. The present data
differ from the distribution reported in [46] in that the peak is shifted towards smaller values,
centered about Ngoag = 10. Furthermore, the present distribution shows a greater proportion
of observations with smaller Ngoag values. While the present data pool of SOAE peak pairs
sampled is smaller than that of [46], the source of this discrepancy between the two studies likely

stems from the different methodologies used to determine the presence SOAE peaks. The value

®Previous measurements in humans made with the same equipment/stimulus paradigms as used here, but at L, =
40 dB SPL and with different subjects, revealed Ngroag values similar to those reported in Shera & Guinan, 2003
[2]. Thus, the offset shown in Fig.2A appears to be directly attributable to differences in stimulus level, not systematic
differences in measurement technique or subject pools employed across studies.

12
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Figure 3: Distribution of IV values (see text). Note the normalized vertical axis. From the present study, Nsoag was
computed from a total of 70 peak pairs (histogram normalized by a factor of 1/10). The Nsroar values (L, = 20 dB
SPL, all subjects included) pools approximately 2000 data points (normalization factor — 1/80; Nsroar < 1 excluded
for clarity). Also included is the Ngoag distribution from [46] (normalization factor — 1/70; dashed line).

of Nsoag depends critically upon the spacing between the two SOAE peaks within a pair. While
Nsoag was only quantified for ‘adjacent’ pairs that met the criteria (see Methods), there could be
additional peaks close to the noise floor that were not included in the present analysis [see [53]].
For example, in Fig.1B our analysis only counted seven SOAE peaks below 2 kHz, whereas visual
inspection may suggest a number closer to 10 or 11. Such smaller peak spacings would lead to
higher Ngoag values. Also shown in Fig.3 is the distribution of Ngpoag values (L, = 20 dB
SPL), which agrees excellently with the Ngoag distribution from [46] about the peak. Note that
this correlation does not require the “intensity correction” as was used in [46] (see their Fig.4).
Figure 4 shows the direct estimation of the amount of SFOAE phase accumulation occurring
between adjacent SOAE peaks (= A¢). Panel A indicates the general interpolation method em-
ployed to estimate the SFOAE phase for the corresponding SOAE peaks (indicated by the X sym-
bols), since the two frequencies did not necessarily line up. As shown in panel B, A¢ tends to
cluster about an integral number of cycles (vertical dashed lines), indicating integer numbers of
SFOAE phase accumulation between adjacent SOAE peaks. Panel C shows the same data, but
modulo one cycle. The distribution has a peak about zero, but due to the relatively low number of

samples (55 total) the result is not significant relative to a flat distribution (Kolmogorov-Smirnov

13
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Figure 4: Distribution of SFOAE phase accumulation between adjacent SOAE peaks. A — SFOAE phase data from an
individual subject (error bars excluded for clarity), to demonstrate the general method. x—marks indicate frequencies
at which SOAE peaks were measured. Inset zooms in to show how phase values at those frequencies were interpolated
(grey +—marks) so to estimate the amount of SFOAE phase accumulation that occurred between peaks (A¢). B —
Combined data showing A¢ across 10 different subjects for 14 different ears. Only values up to 8 cycles are shown
for clarity (higher values were observed up to 15 cycles). C — Same data as shown in panel B, but modulo one cycle.
Inset shows same data as a polar distribution.
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test with a criterion probability of 0.05).

4. Discussion

4.1. Testing theoretical predictions

Previous studies have suggested that SOAEs and SFOAEs are generated by the same underlying
mechanism in the cochlea [65, 40, 34, 64, 54, 63, 44], or at the least, SOAEs contribute to evoked
emissions [e.g., [26]]. More recently, [46] used the coherent reflection model [63] to make (and
test) several specific theoretical predictions about the interrelationships between the two emission
types. That study proposed a model where self-sustained global standing waves are set up in
the cochlea between the peak of the traveling wave (that has reflectance R) and the stapes (seen
looking outwards from the cochlea, with reflectance Rgtapes). While [46] indicated compelling
correlations, that study did not examine SOAE/SFOAE interrelationships from individual ears and
also argued that it may be preferable to test the model using SFOAE data obtained using relatively
lower stimulus levels so to avoid the need for an “intensity correction”. A lower stimulus level
also has the benefit that the region of OAE generation is presumably more spatially confined. Such
would reduce the potential for source mixing and other nonlinear effects [65, 10, 16, 18] that might
confound interpretation.

As shown in Fig.1, when present, SOAE peaks always correlated to locally increased SFOAE
activity. However, the converse is not always true: robust SFOAE activity can be present even
in the absence of any observable SOAEs (e.g., Fig.1C). Furthermore, the SOAE amplitude does
not readily correlate to that of the SFOAEs (e.g., in Fig.1B, SFOAE magnitudes are similarly—
sized about both small and large SOAE peaks). These observations appear generally consistent
with previous empirical results [65, 40, 34, 48] as well as model considerations that suggests more
specific requirements need to be met for SOAEs as opposed to SFOAEs [55, 46, 15]. While these
data appear to support the global standing wave model [46], they may also be consistent with other

classes of models for SOAE generation such as van der Pol oscillator frameworks that consider

15
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multiple generators [e.g., [37, 59]].

Spacing between SOAE peaks (Fig.3) has been demonstrated to reveal important properties of
underlying cochlear mechanics and relate directly to SFOAE phase—gradient delays [53, 63, 46].
Theoretical considerations [46] predict that Ngoar and Ngpoag should be roughly proportional.
The larger Nsroag values (Fig.2A) reported here for a lower stimulus level appear to narrow the
gap between Ngoar and Ngpoar apparent in the previous report [46], which required/argued for
an “intensity correction”. Note the agreement here (Fig.3) that manifests without requiring such a
correction. Not only does the 20 dB SPL probe level agree well with what was predicted by [46],
but also supports that proposed correction method that was based off of previous observations made
by [38]. It should also be emphasized that increased SOAE activity does not appear to readily affect
Nsroag values (Fig.2B). This suggests that SOAE entrainment does not bias the delays (e.g., via
ringing after stimulus offset, as apparent in TEOAES), at least in the pooled data shown here.

Another measure relevant to model predictions is shown in Fig.4, the estimation of SFOAE
phase accumulation between adjacent SOAE peaks (A¢). In general, A¢ tends to be clustered at
integer numbers, indicating an integral number of cycles of SFOAE phase accumulation between
SOAE peaks (Fig.4B,C). This clustering appears reminiscent of that observed in the ratios of adja-
cent SOAE peaks [Fig.7 of [53]]. Note that the global standing wave model [46] does not require
the SFOAE phase to cluster this way, given how A¢ has been defined. It is the product of the two
reflectances (/2 Rgapes) that should exhibit this property.

Several considerations could help further strengthen conclusions drawn from A¢. Variations of
the estimated SFOAE phase about the SOAE peak may be expected, given that SFOAE properties
(both magnitude and phase) can change rapidly in the vicinity of strong spontaneous activity. Thus,
even with the fine frequency resolution used here for the SFOAE measurements, the interpolation
used to estimate the SFOAE phase at the SOAE frequency will likely introduce some degree of
error. Consideration of the SFOAE noise floor and uncertainty could also help provide better

estimates of Nsroap [Shera and Bergevin; in preparation]. Lastly, another source of uncertainty

16
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may be the SOAE frequencies themselves. Two potential ways to better objectively estimate such
would be to use an improved criteria for peak detection [53] and the use of a fitting function [e.g., a
Lorentizian curve; [53, 58]] to the spectrum about the SOAE peak for more accurate determination
of the emission frequency.

Related to this last point is the difference in Ngpag distributions in Fig.3. Data on SOAE spac-
ing from previous studies [primarily [53]] included smaller/wideband peaks, whose distribution
closely matched that of the SFOAE phase-gradient delays (Fig.3). Inclusion of such small peaks
thus appears crucial for the Nsoag and Nspoag distributions to match. Consideration only of the
tall/narowband SOAE peaks alone (as done in the present study) is insufficient. This observation
indicates that it is important to carefully consider signal processing strategies for the identification

of SOAE activity.

4.2. Implications for larger delays at lower stimulus levels

SFOAE phase—gradient delays have empirically been shown to increase with decreasing stim-
ulus level [e.g., [63, 16, 43, 51, 2, 12]], a feature also observed using different methodologies [20]
and explored theoretically [56, 50, 12]. This observation appears congruous with auditory nerve
fiber tuning curves and basilar membrane gain functions appearing sharper when measured using
lower threshold criteria. Many of these studies however employed stimulus levels of L, = 40 dB
SPL and higher. Arguments made in the previous section, with regard to comparisons with SOAEs,
suggest this may be too high of a level to relate to threshold responses. Several studies [19, 2, 12]
have reported SFOAEs evoked using levels below 40 dB SPL, but questions still remain with re-
gard to relating SFOAE phase-gradient delays to cochlear tuning and the role of stimulus level’.
As shown in Fig.2A, the present data demonstrate that SFOAE phase-gradient delays (Nsroar)

further increase when the stimulus level is lowered to 20 dB SPL (for Ly = L, + 15 dB). This

"For example, [19] reported SFOAE ‘transfer functions’ for stimulus levels going down as far as L, = 10 dB SPL,
but whose phase curves did not exhibit a level-dependent effect in their slopes. They used a fixed Ls = 55 dB SPL
(regardless of L), which may account for discrepancies with the present study. Further study is needed to explore this
observation.

17
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result suggests that delays from L,, = 40 dB SPL studies may underestimate tuning bandwidths,
a concern raised by others previously [46, 1]. Additionally, studies that investigate differences
in tuning estimates obtained via SFOAE phase-gradient delays versus suppression tuning curves
[e.g., [20, 28, 1]] may need to also consider probe levels lower than 40 dB SPL, or some sort of
unmixing to reduce contributions from possible nonlinear distortion sources [16, 18].

When comparing SFOAESs across species [e.g., [6, 3, 17]], there may be systematic offsets as
to what is the appropriate level for a given species. Or put another way, there may be differences
across species where and how the low-level basilar membrane responses transitions from linear to
compressive [e.g., ~20-30 dB SPL for chinchilla [42]]. While the larger human delays reported
here may suggest an even larger gap between humans and rhesus monkeys [17], such a conclusion
cannot be determined without first having knowledge of Ngroag in rhesus at lower levels as well.
While level-dependence of Ngpoag bears consideration when making cross—species comparisons,
it does not seem likely to be a confounding factor; i.e., level-dependent effects will not account for
why human delays are so much longer than other species so far examined.

There is evidence suggesting that SFOAE delays in humans become level-independent at lower
stimulus intensities, with a breakpoint between L, = 20 and 40 dB SPL [56, 2] (see Figs.5-1 and
6-8 in that latter study). Similarly for lizards: decreasing the stimulus level below 20 dB SPL does
not appear to produce further increases in SFOAE delays [2, 5]. Such behavior appears broadly
consistent with basilar membrane input/output functions being linear below ~20-30 dB SPL, at
least in chinchilla [42]. These observations relate to an important consideration: while the cochlea
may ultimately be nonlinear even for low stimulus intensities (as evidenced by the presence of
stable SOAE activity), linear properties can emerge and provide a useful basis for modeling the
cochlea. Consider for example that while coherent reflection theory [63] may ultimately be linear,
it can still be consistent with cochlear function when placed in a broader context that considers
nonlinear aspects of amplification in order to account for SOAE generation [46]. Put another way,

a cochlea behaving linearly and the existence of SOAEs are not necessarily mutually exclusive:
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the notion of ‘linearity’ really depends upon precisely what one is measuring/examining.

4.3. Connections back to perception

The discovery of e€OAEs [21] was motivated by trying to understand ‘ripples’ apparent in the
audiogram [14, 57]. Though empirical studies examining the connections between spontaneous
and evoked OAEs have been relatively limited [e.g., [10, 36]], several reports have indicated clear
interrelationships that also extend back to the level of perception [e.g., [65, 29, 30, 55, 15, 27]]. Ob-
servable SOAEs correlate to minima in audiometric (‘“microstructure”) thresholds [65, 30]. Given
that SFOAE peaks correlate to those of SOAEs, SFOAE peaks (evoked via a low-level tone) might
also be expected to correlate to audiometric thresholds minima [65]. Extending further, SFOAE
peaks are detectable where SOAEs are not (e.g., Fig.1C). Thus, might there be additional au-
diometric threshold minima as well in regions where there are SFOAE peaks, but no observable
SOAEs? Or rephrasing more generally, is there any sort of qualitative/quantitative relationship be-
tween SFOAE magnitude structure and audiometric threshold minima? A positive answer to such
a notion, coupled with the demonstration that SFOAEs can effectively be used to estimate periph-
eral tuning as noted above, may indicate that low-level SFOAEs provide a more robust indicator of
function rather than other commonly employed methodologies (e.g., DPOAEs, particularly those

evoked at higher stimulus levels).

4.4. Role of the middle ear

While not explored extensively in the present study, data from one subject with abnormal mid-
dle ear function (Fig.1D) suggest that SOAEs and SFOAEs could be affected differentially. This
subject had normal audiometric thresholds, but also an abnormal tympanogram indicating a hy-
permobile tympanic membrane. What was unique about this particular subject here was that she
demonstrated robust SOAE activity, yet SFOAE magnitudes were relatively quite small (Fig.1D).
In all other subjects examined here (with normal tympanograms), SOAE activity was accompa-

nied by correspondingly strong SFOAEs near and away from SOAE peaks. Could a middle—ear
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pathology account for such? For example, SOAEs might be considered ‘one way’, in that they
only go from cochlea to canal. Conversely, SFOAEs are ‘two way’ in that the stimulus goes from
canal to cochlea, then the emission goes from cochlea to canal. Perhaps an additional pathway
may be important for explaining the differences seen in this subject. It should prove instructive to
examine whether or not a simple middle ear model could explain these differences, though such
is beyond the scope of the current report. Also, the observation that SFOAE phase accumulation
between SOAE peaks clusters about integer values (Fig.4B,C) suggests that middle ear filtering

varies relatively slowly with frequency.

4.5. Extending beyond the mammalian cochlea

Previous studies have demonstrated for lizards close connections of SOAE suppression prop-
erties [25, 33] and SFOAEs phase-gradient delays [4] with auditory nerve fiber tuning curves, in-
dicating a close relationship between emission generation mechanisms and forward transduction.
Extending these observation within the context of the present study, many of the qualitative similar-
ities observed between SOAEs and SFOAEs for humans and rhesus monkey [34] are also apparent
for lizards [6, 5]. For example, lizards SOAE peaks are accompanied by increased SFOAE activity,
though the converse need not be true. Similarly, there is commonly integral numbers of cycles of
SFOAE phase accumulation between adjacent SOAE peaks in lizards. These similarities arise de-
spite gross morphological differences in the inner ear between humans and lizards, such as several
orders of magnitude difference in the number of hair cells and the apparent lack of traveling waves
along the lizard basilar membrane [39]. While such differences suggest that theoretical frame-
works developed specifically within the context of the mammalian cochlea [e.g., [55, 46]] may not
be directly applicable to lizards, a process analogous to coherent reflection has been proposed to
be at work in these ears [4]. Some have hypothesized that evidence along these lines argues for a
fundamental sameness between mammals and non-mammals [e.g., [52, 11]], although an alterna-
tive notion posits that generation mechanisms are analogous rather than homologous [13]. That s,

they arose independently from systems with albeit similar constituent parts (e.g., hair cells), but
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grossly different mechanical configurations/dynamics. Additional comparative studies should help

distinguish between these two hypotheses.

5. Conclusions

The data reported here extend and strengthen correlations between spontaneous otoacoustic
emissions and those evoked using a low—level stimulus tone. Coming back to the questions initially

posed:

e When SOAE peaks are present, SFOAE magnitudes show a corresponding increase in mag-
nitude (Fig.1A,B). However, the converse need not be true: robust SFOAE activity can be
observed where no SOAEs are apparent above the noise floor (Fig.1C). Thus, the correlation
between the two measures is not strictly ‘one-to-one’. Such an observation appears generally

consistent with theoretical descriptions [55, 46, 15]

e As noted above, SFOAE activity can be comparable between subjects both with and without
measurable SOAEs. Furthermore, both subject groups yield similar SFOAE phase-gradient
delays (Fig.2B). Thus, SOAE peaks do not appear to strongly bias SFOAE delays for a 20
dB SPL probe level.

e Phase-gradient delays obtained with a probe level of 20 dB SPL are significantly longer than
those obtained at 40 dB SPL (Fig.2A). This observation bears consideration in studies that

use SFOAESs as a means to infer functional properties such as the sharpness of tuning.

Taken together, the present data provide further support for the coherent reflection model of the
mammalian cochlea [63, 46] and indicate that agreement between model predictions and data is
further improved when lower stimulus levels are used for eOAEs (Fig.3). Additionally, data from
one subject with abnormal middle ear function (hypermobile tympanic membrane) indicated robust
SOAESs, but minimal SFOAE activity (Fig.1D). This observation suggests that the middle ear may

play a differential role between forward— and reverse—transduction relevant to OAE measurement.
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