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Detection of mild sensory hearing loss using a joint reflection-
distortion otoacoustic emission profile

Carolina Abdala,® Tricia Benjamin, Samantha Stiepan, Ping Luo, and Christopher A. Shera
Caruso Department of Otolaryngology, Keck School of Medicine, University of Southern California, 1640 Marengo Avenue, Suite 326,
Los Angeles, California 90033, USA

ABSTRACT:

Measuring and analyzing both nonlinear-distortion and linear-reflection otoacoustic emissions (OAEs) combined
creates what we have termed a “joint-OAE profile.” Here, we test whether these two classes of emissions have differ-
ent sensitivities to hearing loss and whether our joint-OAE profile can detect mild-moderate hearing loss better than
conventional OAE protocols have. 2f;-f, distortion-product OAEs and stimulus-frequency OAEs were evoked with
rapidly sweeping tones in 300 normal and impaired ears. Metrics included OAE amplitude for fixed-level stimuli as
well as slope and compression features derived from OAE input/output functions. Results show that mild-moderate
hearing loss impacts distortion and reflection emissions differently. Clinical decision theory was applied using OAE
metrics to classify all ears as either normal-hearing or hearing-impaired. Our best OAE classifiers achieved 90% or
better hit rates (with false positive rates of 5%—10%) for mild hearing loss, across a nearly five-octave range. In sum-
mary, results suggest that distortion and reflection emissions have distinct sensitivities to hearing loss, which sup-
ports the use of a joint-OAE approach for diagnosis. Results also indicate that analyzing both reflection and
distortion OAEs together to detect mild hearing loss produces outstanding accuracy across the frequency range,

exceeding that achieved by conventional OAE protocols. © 2024 Acoustical Society of America.
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I. INTRODUCTION

In the decades following the discovery of otoacoustic
emissions (OAEs) (Kemp, 1978), research studies sought to
define their basic features [e.g., Brown and Kemp (1984),
Kemp et al. (1986), Probst et al. (1987), Martin et al.
(1990), Lonsbury-Martin et al. (1990), and Smurzynski and
Kim (1992)] and probe their clinical utility [e.g., Gorga
et al. (1993a), Gorga et al. (1993b), Prieve et al. (1993),
Kim et al. (1996), Stover et al. (1996), Gorga et al. (1997),
Hussain et al. (1998), Dorn et al. (1999), Ellison and Keefe
(2005), Johnson et al. (2007), and Go et al. (2019)]. This
effort produced a significant body of literature estimating
the accuracy with which distortion-product and transient-
evoked OAEs could classify ears as normal or hearing-
impaired. This body of work, much of it from the prolific
group at Boys Town National Research Hospital, showed
that distortion-product otoacoustic emissions (DPOAE:s)
measured in large groups of subjects with hearing loss rang-
ing from mild to profound, detected sensory hearing loss
around 4kHz with acceptable accuracy (~80%—85%); at
lower and higher frequencies, however, performance was
much worse [e.g., Gorga et al. (1997)]. Transient-evoked
OAEs, in contrast to DPOAESs, detected hearing loss best at
frequencies around 1-2 kHz, also in groups of subjects with
mild-to-profound degrees of hearing loss (Gorga et al.,
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1993b; Prieve et al., 1993). The detection of hearing loss
with OAEs improved when a multivariate approach was
implemented, which typically involved the inclusion of pre-
dictive information across several frequencies combined
(Hussain et al., 1998; Dorn et al., 1999; Gorga et al., 2005).
Multivariate strategies achieved roughly 90% hit rates or
better (with acceptable false-alarm rates) at frequencies
around 3—4kHz but hit rates approximating 70%—85% at
lower frequencies (Gorga et al., 2005). These early studies
yielded recommendations for the optimal stimulus parame-
ters to achieve diagnostic accuracy [e.g., Stover et al.
(1996)]. In fact, current default protocols commonly applied
in OAE clinical assessment today are derived from this
work, with little deviation over two decades.

A. Theoretical and practical advances

In 1999, Shera and Guinan (1999) described a novel
model of OAE generation. The dual-source model held that
nonlinear-distortion emissions, such as the 2f;-f, DPOAE,
arise via the saturation of outer-hair-cell transduction cur-
rents [e.g., Hudspeth and Corey (1977)] and they probe the
strength and form of cochlear nonlinearities. Linear-reflec-
tion emissions, such as transient-evoked or stimulus-evoked
OAEs, are thought to be backscattered wavelets, reflected
off randomly situated micromechanical irregularities along
the cochlear partition (Zweig and Shera, 1995; Shera and
Guinan, 1999). At low sound levels, the reflected wavelets
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come primarily from the region near the peak of the travel-
ing wave (Lichtenhan, 2012; Berezina-Greene and Guinan,
2015; Goodman et al., 2020) and probe features characteris-
tic of this region such as near-threshold tuning and low-
level amplifier gain. While the two emission sources arise
via distinct generation processes, they share a common
dependence on outer hair cell-based amplification. Much
experimental evidence supports the dual-source model of
OAE generation [e.g., Konrad-Martin et al. (2002),
Mauermann and Kollmeier (2004), Abdala and Dhar (2010,
2012), and Abdala et al. (2018a)], which continues to
prompt intriguing research questions: Do each of the two
classes of emissions offer non-redundant information about
cochlear function and dysfunction? If so: Could their com-
bined measurement/analysis improve the accuracy with
which OAEs detect hearing loss?

Recent methodological advances for evoking, analyz-
ing, and calibrating OAEs have increased their efficiency
and precision and made it possible to explore these intrigu-
ing questions. One such innovation is the use of rapid, con-
tinuously sweeping tones as stimuli (Choi et al., 2008; Long
et al., 2008; Bennett and Ozdamar, 2010; Kalluri and Shera,
2013; Abdala er al., 2015; Shera, 2024) vs conventional
methods presenting discrete tones at fixed frequencies.
OAEs evoked by sweeping tones provide unparalleled fre-
quency resolution and up to 10 times the time efficiency
compared to discrete tones (Abdala er al., 2015).
Importantly, it has also been shown that swept-tone OAEs
produce matching amplitude and phase to that of conven-
tionally measured emissions (Long et al., 2008; Kalluri and
Shera, 2013; Abdala er al., 2015; Glavin et al., 2023). The
added speed of swept tones has made it possible to record
both classes of OAEs—reflection and distortion—together
in the same ear (Abdala et al., 2022), rather than arbitrarily
choosing one or the other emission. Exploiting the efficiency
of sweeping tones has allowed us to access both intra-
cochlear generation processes with what we term a “joint
(reflection-distortion) OAE profile.”’

Another recent advance in OAE methodology has been
the specification of the stimulus in forward pressure level (dB
FPL). This form of stimulus calibration is applied to correct for
the effects of ear-canal standing waves by controlling the
amplitude of the forward stimulus wave, separating it from any
energy reflected off the tympanic membrane [Scheperle et al.
(2008), Scheperle et al. (2011), and Souza et al. (2014)]. The
interference between reflected and forward waves in the ear
canal leads to inaccurate control of stimulus level at the ear-
drum and likely contributes to the large variability in OAE
amplitude observed across individuals and upon repeated test-
ing (Reuven et al., 2013; Souza et al., 2014; Maxim et al.,
2019). The OAE emerging from the cochlea is similarly
impacted by standing waves in the enclosed ear canal; its level
can be corrected using emitted pressure level (EPL) or dB EPL
(Charaziak and Shera, 2017).

Progress in our understanding of OAE generation, com-
bined with numerous advances in methodology, call for a
renewed look at how hearing loss affects OAEs and a re-
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examination of their clinical utility. There are two aims in
this study: (1) To test whether the two classes of emissions
(reflection, accessed as stimulus-frequency otoacoustic
emissions or SFOAEs, and distortion, accessed as the non-
linear component of the 2f|-f> DPOAE) have different sensi-
tivities to cochlear pathology; and (2) to examine whether
the joint-OAE profile improves the detection of mild sen-
sory hearing loss relative to past work.

Il. METHODS
A. Subjects

OAE data from 300 human ears were collected: One ear
from 117 normal-hearing individuals (50M, 67 F; mean
age = 27 years, age range = 16 to 52 years) and 183 ears from
154 adults with slight-to-moderate sensorineural hearing loss
of varying etiology were tested (84 M, 95F, 4 non-binary;
mean age = 55 years, age range = 14-78 years). Normal hear-
ing was defined as audiometric thresholds <15dB HL at
octave and inter-octave frequencies from 0.5 to 8kHz.
Hearing-impaired subjects had at least two frequencies with
audiometric thresholds between 20 and 55dB HL; only the
OAEs at frequencies with audiometric hearing loss (ie.,
20-55dB HL) were included in this study. To exclude conduc-
tive hearing loss, individuals with air-bone gaps > 10dB or
abnormal tympanograms were not accepted as subjects.

The mean audiometric thresholds for the 183 ears in the
hearing-impaired (HI) group were 29, 29, 31, 32, 35, 36, 36,
39, 39dB HL for 0.75 1, 1.5, 2, 3, 4, 6, and 8 kHz, respec-
tively. The threshold at 0.75 was interpolated between
audiometric thresholds at 0.5 and 1 kHz. The HI group was
skewed heavily toward individuals with slight-to-mild hear-
ing loss as 78% of thresholds in this group were between 20
and 40dB HL. The individual audiometric thresholds are
displayed in Fig. 3 in Sec. III, which plots SFOAE and
DPOAE levels as a function of audiometric threshold for all
ears.

B. Instrumentation and signal processing

A Babyface Pro USB High-Speed Audio Interface
(RME Audio, Germany) and an ER-10X probe system
(Etymotic Research, Elk Grove Village, IL) controlled by
custom software written in MATLAB (Mathworks, Natick,
MA) were used to generate stimulus waveforms and record
ear-canal pressures. Microphone voltages were amplified
(+20dB) and high-pass-filtered (300-Hz cutoff frequency)
before A/D conversion. Testing was conducted with the sub-
ject reclined in an ergonomic chair within a sound-isolated
IAC audiometric booth that met ambient noise standards
(ANSI S3.1-1999). The probe cable was suspended from
the ceiling and the probe tip was carefully positioned into
the ear canal to achieve a relatively deep and stable fit,
whereupon the cable was secured using a nylon headband.
Subjects rested quietly or watched a subtitled video during
testing.

Before each participant’s arrival, Thévenin-equivalent
probe parameters were obtained in the ER-10x calibrator
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(brass tube, inner diameter 7.9 mm) at room temperature
using five settings of calibrator length (78.4, 64.8, 35.8,
29.7, and 24.6 mm) with the goal of achieving total “source-
calibration errors” <1 (Scheperle et al., 2011). The source-
calibration error is a dimensionless index calculated as the
sum of the squared differences between the measured and
predicted cavity pressures divided by the sum of squares of
the measured cavity pressures. The typical source-
calibration error in our laboratory is 0.03. With these known
parameters characterizing the probe, the ear-canal acoustic
impedance and corresponding characteristic impedance
were derived in each test ear using a wideband acoustic
chirp. All stimulus levels in this experiment were measured
in dB FPL. OAE levels were corrected to dB EPL.

C. OAE stimulus parameters

Stimulus tones were swept upward (for DPOAEs) or
downward (for SFOAEs) across a nearly 5-octave range
(0.6-16kHz) at a rate of one octave/s. Sweep rate and direc-
tion were established from past work in our labs [Kalluri
and Shera (2013), Abdala et al. (2015), and Shera and
Abdala (2016)]. For normal hearers, the SFOAE probe was
presented between 20 and 65dB FPL, and the DPOAE L,
was presented between 25 and 75dB FPL, both with 5-dB
step resolution. For subjects with hearing loss, the range of
stimulus levels presented was based on the degree of hearing
loss. For efficiency, the stimulus was never presented at lev-
els lower than the best of the elevated audiometric thresh-
olds (converted from dB HL to dB SPL). OAE and
stimulus-level conditions were presented in random order,
except for the first two conditions, which were 65dB FPL
for DPOAEs and 40 dB FPL for SFOAEs. When the degree
of hearing loss was greater than 40 dB, random presentation
of conditions was applied for the SFOAE.

During testing, the probe fit was monitored by noting
deviations between target and measured ear-canal stimulus
levels and by documenting changes in the frequency of the
half-wave resonance in the ear canal. Testers initiated a
probe refitting and recalibration for observed changes of
>3 dB in the stimulus level or shifts in the half-wave reso-
nance frequency of >400Hz. Re-calibration also occurred
automatically between stimulus-level conditions (or every
6 min, whichever was shorter). During any probe fit, an alert
was provided to the tester if the presence of a leak was sus-
pected. This occurred when absorbance at low frequencies
was 0.2 (=7 dB) or higher (Groon et al., 2015).

To further expedite data collection, rather than present
a single continuous sweep across the five-octave frequency
range, partial segments of the frequency span were stacked
(with a 0.1 octave overlap) and presented concurrently [see
Abdala et al. (2018b) and Abdala ef al. (2022)]. Three con-
current segments were presented to evoke DPOAEs for
stimulus levels from 25-60dB FPL but only two stacks
could be presented for stimuli > 60 dB FPL, where nonlinear
(e.g., suppressive) interactions between the segments were
observed in pilot testing (i.e., when the stacked-sweep data
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deviated from the single-sweep level/phase by more than the
typical test-retest variability). For SFOAEs, at the two high-
est stimulus levels (60- and 65-dB FPL), two frequency seg-
ments were presented concurrently while at moderate (50-
and 55-dB FPL) and low (<50 dB FPL) levels, a three- and
five-stack approach was applied without any notable devia-
tion in level or phase re: the single-sweep condition.

Cubic DPOAEs at 2f-f> were evoked with an optimized
stimulus-frequency ratio which applied the f>/f; shown to
produce the highest DPOAE levels on average for a given
frequency and stimulus-level combination (Stiepan et al.,
2022). Because much of our previous work with DPOAEs
has been conducted using the so-called “scissors” method
[Li=04, L,+39dB (Kummer et al., 1998)], we applied
this same strategy here to establish primary-tone level sepa-
ration. The primary-tone level separation strategy impacts
the overall shape of the DPOAE input/output function (Zelle
et al., 2015). We also applied phase-rotation averaging to
cancel the primary tones before analysis (Whitehead et al.,
1996). To do so, three stimulus segments with different
primary-tone starting phases (¢) were interleaved such that
the primary tones, f| and f> cancel when the responses are
averaged.

SFOAEs were measured using a modified, interleaved
suppression paradigm (Shera and Guinan, 1999). Responses
to four stimulus combinations were measured: p; = probe
tone alone, p,=probe and suppressor tone (+4polarity),
p3 =probe tone alone, and p,=probe and suppressor tone
(—polarity). The SFOAE time waveform was extracted from
the four response waveforms using the formula:
Psroak = (P1 +Pp3—pa—p4)/2. The suppressor tone (fre-
quency f;) was presented at 50dB FPL for probe tones
between 20 and 35dB FPL and at +15dB (re: probe level)
for L, >40-65dB FPL. The suppressor frequency was cho-
sen so that f/f, = 0.95 (Kalluri and Shera, 2007, 2013).

D. SNR-guided data collection

A custom-designed data-collection program guided by
the SNR of the OAE calculated in real-time was utilized.
The five-octave frequency range was divided into half-
octave frequency bands denoted by the following center fre-
quencies: 0.75, 1, 1.5, 2, 3, 4, 6, 8, and 12kHz. In normal-
hearing ears, the number of sweeps presented varied
between 24 and 300 (depending on stimulus level and
group) for DPOAES, and between 24 and 500 for SFOAE:.
These sweep numbers were derived from published litera-
ture (Gorga et al., 1997; Ellison and Keefe, 2005; Abdala
et al., 2018b) and previous data collected in our laboratory.

OAE data collection ceased when SNR at all center fre-
quencies (except 12 kHz) reached at least 6 dB, the maxi-
mum number of sweeps was reached, or the remaining
sweeps allotted were unlikely to result in at least 6 dB SNR;
this judgement was guided by the projected increase in SNR
based on the square root of the remaining available sweeps.
The mean duration of OAE data collection with this joint
protocol was 43 min for normal-hearers (range = 26—68 min)
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and 62 min for HI subjects (range =23—136 min). Note that
while we measured across a broad parametric space in this
study (requiring long data-collection sessions), the joint-
OAE profile will need to be strategically abbreviated, retain-
ing only the most effective classifiers, to create a feasible
clinical protocol in the future.

E. Estimating OAEs: Least square fit and signal
processing

OAE level and phase were derived from the recorded
ear-canal signal at 500 frequencies across the five-octave
frequency range (0.6 to 16kHz) using an LSF procedure
(Long et al., 2008). Briefly, this method estimates OAE
level and phase by segmenting the OAE time waveform into
moving analysis windows that shift in 0.01 octave steps.
Models for the stimuli, suppressors, and OAEs are created
within these windows. The amplitude and phase within each
window are estimated by minimizing the sum of the squared
residuals between the model and the data to achieve the best
fit. LSF analysis-window durations varied continuously as a
function of frequency to keep constant the number of spec-
tral fine structure periods (for DPOAESs) or cycles of phase
rotation (for SFOAESs) [see Abdala et al. (2022) for details].

For DPOAESs, the LSF was also used to separate the
nonlinear distortion component from the total DPOAE.
Because the reflection component occurs at longer latencies,
it can be removed by using a wide LSF analysis window
(~1.75 fine-structure periods) (Long et al., 2008; Abdala
et al., 2015). The SFOAE was processed with a continuous
wavelet transform (CWT) to eliminate short-latency stimu-
lus artifact and long-latency multiple internal reflections
(Moleti et al., 2012). The CWT is a time-frequency analysis
tool that decomposes signals using wavelets that are
frequency-scaled and time-shifted. Compared to other time-
frequency analyses (e.g., the short-time Fourier transform)
the CWT provides improved time resolution at high fre-
quencies and improved frequency resolution at low frequen-
cies. The corresponding noise floors were calculated at four
points around the OAE frequency, either on the low-
frequency side (0.90, 0.88, 0.86, 0.84 x DPOAE frequency)
or the high-frequency side (1.10, 1.12, 1.14, 1.16 x SFOAE
frequency) and then passed through the same signal process-
ing as was the emission.

F. Artifact rejection

Following each individual sweep presentation, an LSF
estimate of the OAE was derived and the median magnitude
of the OAE was updated in the display. Any single data
point (of the 500 frequencies sampled across frequency) dif-
fering from the real-time median OAE level by more than 4
standard deviations was considered an “artifact” and auto-
matically triggered an additional sweep. During post-test
analysis, the artifacts were identified in the frequency
domain and linked to their corresponding point on the time
waveform. A segment centered around this frequency and
equal in duration to 20% of the LSF analysis window was
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eliminated. Overall, 16% of the total sweeps presented to
the group with hearing loss, and 21% of those presented to
normal hearers, contained rejected segments.

G. Data analysis
1. Band-averaged spectra

We did not analyze OAE data at single test frequencies
as is convention; rather, we analyzed OAE data in frequency
bands. OAE level and corresponding noise floors were
binned into half-octave-wide frequency bands, each contain-
ing a maximum of 50 data points. These bands were cen-
tered at 0.75, 1, 1.5, 2, 3, 4, 6, 8, and 12kHz. To prevent
poor quality data, OAE data were removed if noise was
excessive [see Abdala et al. (2022) for details]. OAE signal-
to-noise ratios (SNRs) can be low for two reasons: the noise
can be excessively high (for reasons that often have little to
do with the generation of OAESs) or the signal can be low.
We were only interested in measuring OAEs in the latter
category because low-level emissions offer information
about the integrity of the cochlea. Only 0.003% of the band-
average data were eliminated based on excessive noise.
While we did not use SNR criteria to eliminate OAEs, we
did weight the contribution of each single data point to the
half-octave mean by its SNR. The weighting function was
the square of the SNR on a linear scale (i.e., 105"/, where
SNR is in dB). With this data retention strategy, even condi-
tions with weak OAEs were represented in the half-octave
band-averaged spectra although their contribution was de-
emphasized.

Band-averaged spectra were analyzed at probe and L,
levels of 40 and 65 dB FPL. The 40 dB condition represents
OAE results at the lowest stimulus level providing sufficient
numbers of observations (recall that not every impaired ear
was tested at the lower stimulus levels), and the 65 dB con-
dition represents OAE results for a moderate-high level
stimulus.

2. Input/Output functions

OAE input/output (I/O) functions were generated at fre-
quencies corresponding to fine-structure peaks/plateaus in
SFOAE spectra measured at 50-60dB FPL. A peak was
defined as having at least a 2dB peak-to-trough amplitude
and SNR > 6dB. DPOAE /O functions were generated at
corresponding frequencies. This method of choosing test
frequencies at SFOAE spectral peaks has been implemented
by our labs for over a decade and described in multiple pub-
lished reports. Only peak data are considered because
SFOAE minima do not always reflect cochlear status (Shera
and Bergevin, 2012; Kalluri and Shera, 2013; Abdala and
Kalluri, 2017). Models indicate that sharp valleys result
from destructive phase interactions among reflected wave-
lets; hence, large and erratic shifts in amplitude can occur at
frequencies near these minima. In past work, we have shown
that including data at frequencies corresponding to dips in
SFOAE fine structure degrades test-retest reliability and
reduces overall SNR (Abdala et al., 2018b).
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OAE /O functions were obtained using data within a
quarter-octave frequency band around the spectral peak
described above. Because OAE peaks shift slightly in fre-
quency as the stimulus level decreases, only the top 30% of
data points in the quarter-octave band contributed to the I/O
function. This allowed us to more consistently track data at
the peak frequency as stimulus levels decreased and avoid
the inclusion of data points on a flank or minimum when
analyzing data at the lowest stimulus levels. The noise floor
was calculated from the same 30% of frequencies. The indi-
vidual I/O functions were slotted into half-octave bands des-
ignated by their center frequency, 0.75, 1, 1.5, 2, 3, 4, 6, 8,
12 kHz. Therefore, an I/O function at a center frequency of
1 kHz, for example, might include data coming from any
frequency between 0.84 to 1.20kHz, and so on for each
function.

To characterize and quantify OAE growth slope and
compression features, I/O functions were fit with the follow-
ing function converted to dB:

Y = Aol + (X/A0)*/ (1 +X/Ap)“™")],

where X is stimulus amplitude in pyPa; Y is OAE amplitude
in uPa; Ao, Ay, Ay, a, b are fitting parameters; Ao, A, A, are
sound-pressure amplitudes in yPa; and a, b are power-law
exponents. Conceptually, A, is the noise amplitude, A is the
stimulus amplitude where the I/O function emerges from
the noise, and A; characterizes the stimulus amplitude at the
onset of the high-level behavior. The following parameters
were estimated from each I/O function: (1) maximum slope
(dB/dB) is the slope of the function at its steepest point; (2)
source strength (dB) is the OAE level re: stimulus level at
maximum slope; and (3) compression knee (dB FPL) is the
stimulus level at which the slope of the function has
decreased to 50% of the maximum slope. Figure 1 shows an
example of one SFOAE and DPOAE I/O function with the
fit described above (fit is red for SFOAE and blue for
DPOAE). We cleaned the I/O functions to eliminate param-
eters that were poorly estimated by the fit. This included
parameters from (a) functions that were flat (<5 dB ampli-
tude growth across all stimulus levels), (b) those that were
flat across all stimulus levels except the highest level, at
which a steep upswing in OAE level occurred, causing the
maximum slope to be estimated at 65-75dB, and (c) those
where OAE amplitude was <-20dB across all stimulus lev-
els (i.e., it was flat and in the noise). Some 14% of total I/O
functions were eliminated by these rules.

3. Receiver operating characteristic (ROC) curves

Clinical decision theory, a statistical framework for
describing the accuracy with which a given test can achieve
the goal of separating two populations based on a disease or
other characteristic (Swets, 1988; Swets and Pickett, 1982),
was applied to assess how well OAE metrics could distin-
guish between ears with impaired or normal hearing.
Performance in the classification task was quantified and
summarized using receiver operating characteristic (ROC)
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curves which plot the true-positive rate or hit rate (sensitiv-
ity) as a function of the false-positive (1-specificity) rate. At
each test frequency, we constructed ROC curves for a vari-
ety of binomial logistic regression models, each employing
one (or more) of the observed OAE metrics as independent
variables. The models, implemented using MATLAB’s fitglm
function, were trained to predict the probability that the
observations arose from an impaired (rather than a normal)
ear, as defined by the audiogram.

Model training and cross-validation proceeded in two
steps. First, for each metric we constructed 300 resampled
data sets by random sampling (with replacement) from the
ears contributing data at each test frequency. The resampled
data sets were split into two halves; the model was then
trained on the first half and tested on the second. Training
and testing were repeated for each of the 300 data sets.
Confidence intervals for the distribution of ROC curves
obtained during this first step are shown in Fig. 2 as gray X
symbols and gray vertical bars. In the second step, we
improved the model generalizability (i.e., reduced any
dependence on the possible idiosyncrasies of particular data
sets) by averaging the coefficients for each of the 300 mod-
els (after removing possible outliers) to obtain a mean
model. The mean model was then evaluated by testing it on
the original data set, producing the final ROC curve shown
by the black line in Fig. 2. This curve was validated by com-
puting confidence bands on model performance (see
magenta vertical bars) using additional resampled data sets.

lll. RESULTS

Figure 3 shows individual DPOAE (top row) and
SFOAE (bottom row) levels for the 40 dB FPL stimulus con-
dition, plotted as a function of corresponding audiometric
thresholds. Although eight audiometric thresholds were
measured, only four are shown in Fig. 3 to illustrate the rela-
tionship between OAEs and hearing across frequency.
These scatter plots were fit with a linear regression to probe
the strength of the associations. As can be seen, DPOAE
levels always correlate more strongly with audiometric
thresholds than do SFOAE levels. Also, the best correlation
is seen at 4 kHz where hearing thresholds account for 81%
of the variance in DPOAE level. For SFOAEs, the correla-
tion is equally strong at 2 and 4kHz (0.80, 0.81), where
audiometric thresholds account for up to 66% of the varia-
tion in SFOAE levels. These data, as well as past publica-
tions showing similar analyses (Gorga et al., 1993a; Gorga
et al., 1993b; Gorga et al., 1997), attest to a systematic rela-
tionship between audiometric thresholds and OAE levels.

A. OAE spectra

Figure 4 displays fine-resolution SFOAE and DPOAE
spectra in one normal-hearing individual, for the full range
of frequencies and stimulus levels. Each line consists of 500
points across the nearly five-octave range (100 points per
octave). The SFOAE shows characteristic macrostructure
including peaks and valleys, which are intrinsic to the
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characterized with a least squares fit shown as red (SFOAE) and blue
(DPOAE) lines. Three parameters (labeled) were derived from this fit to
quantify the growth slope and compressive features of each emission.

reflection process. The DPOAE shows little fine structure
because it includes only the separated nonlinear-distortion
component, hence there is little or no residual component
interference. This broad parametric space was covered for
every ear tested (though the number of stimulus levels pre-
sented varied slightly depending on the degree of hearing
loss).

Figure 5 shows simplified mean band-averaged spectra
for each group and OAE. SFOAE and DPOAE level data
points have been binned into half-octave-wide frequency
bands defined by their center frequency. These group mean
spectra are shown for probe and L, levels of 40dB
(L; =55dB) and 65dB (L, =65 dB) FPL. Data from the NH
group is depicted by a red X for SFOAEs and a blue circle
for DPOAEs. Consistent with a recent publication (Abdala
et al., 2022), below 2kHz the mean SFOAE at 40 dB FPL is
slightly higher in level than the corresponding DPOAE
while above 2kHz, the mean DPOAE is higher in level. At
65 dB FPL, mean SFOAE level is higher than DPOAE level
(by as much as 15 dB) across the frequency range.

The group mean data from the HI group retain the same
symbol code but we have used black for the SFOAE and
gray for the DPOAE in this group. The dominant effect of
mild hearing loss on OAEs is to reduce emission levels. At
40dB FPL, the mean reductions approximate 20-25dB at
some frequencies and OAE reductions are greater for the
DPOAE than the SFOAE. This becomes more apparent
when “OAE loss” is calculated for the HI ears: OAE loss is
defined as the OAE level in a HI ear subtracted from the
mean OAE level of the normative group at the same fre-
quency (i.e., the negative of the HI OAE level relative to
normal). The DPOAE always showed larger OAE loss val-
ues than did the SFOAE, indicating a stronger impact of
hearing loss on the distortion-product emission level. This
same pattern has also been reported in aging cohorts
(Abdala et al., 2018a) and in those with endolymphatic
hydrops (Stiepan et al., 2023). At 65dB FPL, the OAE loss

J. Acoust. Soc. Am. 156 (4), October 2024

{DP65}

o
© =

o
o

o0 oo
NMw s o

©
=

1 kHz

o

True Positive (Hit) Rate (Sensitivity)

0 02 04 06 08 1
False Positive Rate (1-Specificity)

FIG. 2. (Color online) Example ROC curve and 95% confidence intervals
illustrate the results of training and cross-validating one of the binomial
logistic regression models. ROC curves plot true hit rate as a function of
the false-positive rate. In this example, the regression model was trained
using the value of a single OAE variable (DPOAE level at 1 kHz for 65 dB
FPL) to classify ears as either normal hearing or hearing impaired at that
frequency. The gray symbols (x) and gray vertical bars give the mean val-
ues and confidence intervals for the distribution of ROC curves obtained
during the first training step, which involved 300 resampled data sets. In
the second step, the mean model obtained during the first was tested on
the original data set, producing the final ROC curve (seen as a black line).
To obtain confidence bounds for this curve, the mean model was tested on
an additional 300 resampled data sets (magenta symbols and confidence
intervals).

metric was smaller than at 40dB, which suggests that the
lower stimulus level condition may be more effective in dis-
tinguishing the two groups.

OAE loss was analyzed in the HI group with a two-
factor ANOVA: OAE (DP, SF) x frequency (1, 2, 4, 8 kHz).
We were interested in the OAE factor to determine whether
the two emissions were differentially affected by hearing
loss. At both levels, ANOVAs showed main effects of OAE
(40dB: F=70.05; p<0.001; 65dB: F=83.78; p <0.001)
as well as interactions between OAE and frequency; post
hoc analyses showed that SFOAEs and DPOAEs differed in
OAE loss at 2, 4, and 8 kHz.

B. OAE input/output functions

The left column in Fig. 6 shows all I/O functions from
normal hearers for three combined frequency bands: low
frequency (0.75, 1, 1.5kHz), mid-high frequency (2, 3,
4kHz), and high frequency (6, 8 kHz). The thin colored lines
are individual functions, and the thick red/blue lines are
loess trend lines fit to the individual data. Briefly, SFOAEs
are higher in level than DPOAEs at both low- and mid-
frequencies; this difference becomes more pronounced with
increasing stimulus level. At high frequencies, the two OAE
levels are more similar. As evident, DPOAE growth is
strongly compressive while SFOAE growth is less so. The
right column of Fig. 6 shows the corresponding I/O func-
tions for the HI group. In ears with hearing loss, the SFOAE
is higher in level than the DPOAE for all frequency bands,
again underscoring the fact that DPOAE levels are more
reduced by hearing impairment than are SFOAE levels.
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FIG. 3. DPOAE (top row) and SFOAE (bottom row) levels for four half-octave-bands centered at 1, 2, 4, and 8 kHz plotted as a function of audiometric
threshold. Note that only target audiometric thresholds (20-55dB HL) were included for HI ears. A regression line was fit to each plot and the r values for
each correlation are provided. All correlations were significant at p < 0.001. While a systematic relationship was present for both OAEs, overall, correlations

between OAE level and audiometric threshold were stronger for the DPOAE.

SFOAE amplitude appears to be more reduced at low (vs
high) stimulus levels, producing a steepened growth slope in
impaired ears.

Figure 7 displays the group mean values for the three
parameters derived from fits to individual I/O functions
across center frequency: maximum slope (dB/dB), source
strength (dB), and compression knee (dB FPL). The left col-
umn shows data from the normal-hearing group as a refer-
ence. In healthy ears, the maximum slope of OAE growth
hovers around 1dB/dB for both emissions; source strength
is equivalent for the two OAEs through ~3kHz (beyond
which it becomes stronger for the DPOAE); and the com-
pression knee occurs at substantially higher stimulus levels
for the SFOAE than DPOAE.

SFOAE Level (dB SPL)
DPOAE Level (dB SPL)

noise floor

The corresponding mean data from ears with hearing loss
are depicted in the right column of Fig. 7. Mild hearing loss
produces disruptions in the three I/O function parameters and,
in doing so, creates systematic shifts in the SFOAE-DPOAE
relationship. Hearing-impaired ears show (1) steepened maxi-
mum slope for the SFOAE only, (2) overall reduced source
strength for both OAEs, but more so for the DPOAE, and (3)
elevated compression knee for the DPOAE, which acts to
extend its linear range. The relative DP-SF differences in maxi-
mum slope, source strength, and compression knee were calcu-
lated as AMS, ASS, and ACK, respectively for the two subject
groups, and each of these difference metrics was tested with a
two-factor ANOVA: group (NH, HI) x frequency (1, 2, 4,
8kHz). We were particularly interested in the group effect on

Stimulus Level
— 75dB SPL

20- DPOAE =&
— 55

0.6 1 2 4 8 16
Frequency (kHz)

0.6 1 2 4 8 16
Frequency (kHz)

FIG. 4. (Color online) A level series of fine-resolution spectra for the SFOAE and the nonlinear-distortion component of the DPOAE from one healthy ear.
500 data points across frequency comprise each spectrum, and color denotes stimulus level. For reference, the gray line is the noise floor obtained for a mid-
level stimulus. Unlike the spectral structure of the OAEs, which have adequate SNR, the spectral structure of the noise is not reproducible.
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levels: 40 and 65dB FPL. Standard deviations were relatively constant
across frequency hence, to minimally obscure trends, only one error bar (2
standard deviations) is plotted per group and OAE.

the DPOAE-SFOAE metric because it addresses whether hear-
ing loss impacts reflection and distortion emissions differently.
AMS starts out near 0 in normal-hearing ears since the growth
slopes are roughly equivalent for SFOAEs and DPOAEs, how-
ever, in HI ears, the steepened growth of the SFOAEs, com-
bined with negligible changes in DPOAE growth, produces a
significant group effect in AMS [F=304.1; p < 0.001; see Fig.
7(A) vs 7(D)]. The ASS metric also showed a significant effect
of group (F=390.1; p <0.001): In hearing-impaired ears, the
source strength becomes relatively stronger for the SFOAE (vs
DPOAE) across all frequencies [Fig. 7(B) vs 7(E)]. Finally,
ACK showed a significant group effect as well (F=266.49;
p < 0.001): In normal ears, SFOAEs compress at higher stimu-
lus levels than do DPOAEs; however, with hearing loss, the
DPOAE compression knee increased by as much as 20-25 dB
whereas SFOAE compression changed only slightly [see
Fig. 7(C) vs T(F)]. The significant effect of hearing loss on
these three DP-SF difference metrics suggests that cochlear
injury impacts distortion and reflection emissions differently.

C. OAE classifiers

The effect of hearing loss on SFOAE and DPOAESs (as
shown in Figs. 5-7) provided guidance on which OAE vari-
ables were likely to be most effective in classifying ears
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correctly. We constructed classifiers using both single OAE
metrics and sets of OAE metrics as independent variables. To
ensure that we did not miss any potent combinations, we
employed forward stepwise regression (as implemented in
MATLAB’S stepwiseglm function) to iteratively construct the
regression model by sequentially including additional indepen-
dent variables (OAE metrics) that yielded statistically significant
increases in performance. Although the results of the stepwise
regression varied somewhat across frequency, it consistently
identified many of the same metrics as our observations.

To display examples of resulting ROC curves, we show
two classifiers that performed well across frequency in
Fig. 8. The black line shows the mean model ROC curve for
each condition and classifier. The first classifier (right col-
umn) combines two OAE variables { DPSS, SFSS}; the sec-
ond (left column) combines four variables {DP40, SF40,
DPCK, SFMS}. Variable abbreviations and definitions are
provided below Table I. The gray band around each ROC
curve consists of 300 thin lines, each representing a curve
obtained by training the model on 300 artificial data sets
generated by random resampling. While the area under the
curve is one measure of overall model performance, it does
not provide a metric tied to a specific false-positive rate. We
therefore chose to compare hit (or true-positive) rates at
selected false-positive rates to assess performance.

A larger group of 12 variable sets for which ROC
curves were generated is shown in Table 1. In Table I, the
top half of Table I presents hit rate (with a 10% acceptable
false positive rate) across center frequency. The bolded vari-
able sets are those that performed best. The key linking vari-
able number with a corresponding OAE variable set is
provided in the bottom half of the table. The SFOAE alone
(at any stimulus level or for any I/O-function-derived vari-
able) did not produce strong hit rates, as exemplified by var-
iables #2 and #6. However, SFOAE information enhanced
hit rates when combined with the DPOAE, as exemplified by
variable set #4, which produced hit rates of between 91%
and 98% across the entire frequency range. Also, evident is
that OAEs measured using low-level stimuli (40dB FPL)
always performed better than those evoked at higher levels
(65dB FPL). This can be seen when comparing hit rates for
variable sets #1 vs #3. I/O-function parameters used alone
did not classify ears with high hit rates across all frequen-
cies, as evidenced by variable sets #5 and #6, where
DPOAE compression knee and SFOAE maximum slope
failed to detect hearing loss well, in particular at low-mid
frequencies. However when SFOAE slope and DPOAE
compression knee were combined with measures of OAE
level at 40 dB FPL, they produced some of the strongest hit
rates observed across frequency (variable set #7). Naively, it
might seem that simply adding more information to a classi-
fier should always produce better hit rates. However, a
closer look indicates that using more OAE metrics did not
guarantee strong performance. Variable set #9 in Table I
includes both DPOAE and SFOAE levels at 65 and 40dB,
respectively, but does not perform as well as do variable
sets #1 or #10 that include only one OAE metric.
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Unsurprisingly, it is the quality (or relevance) not the quan-
tity of the information that matters.

Figure 9 plots hit rates (with 10% and 5% false posi-
tives) for five of the best classifiers. With a fixed false posi-
tive rate of 10%, the OAE variable sets in Fig. 9 that
achieved 90% or better across all nine center frequencies
were {SF40, DP40} (filled circles) and {SF40, DP40,
SFMS, DPCK} (open circles, dashed line). Others achieved
90% or better at all but one or two frequencies { DPSS} and
{DPSS, SFSS}. Note that combining SFOAE level with
DPOAE level at 40dB improves hit rates (re: the DPOAE
alone) for the lowest frequency band (0.75 kHz). This can be
visualized by comparing the filled circle to the open square.

When the acceptable false positive rate is stricter (5%,
see bottom panel), it reduces hit rates overall. However, the
advantage of including SFOAE together with DPOAE met-
rics becomes stronger. For example, DPOAE source
strength (SS) classifies ears with sensitivity of >90% at
most frequencies when a fixed false positive rate of 10% is
used (top panel) and including SFOAE SS does little to

2228  J. Acoust. Soc. Am. 156 (4), October 2024

improve sensitivity (note superimposed triangle and X sym-
bols). However, with a fixed false positive rate of 5% (bot-
tom panel), using both SFOAE SS and DPOAE SS together
shows better performance at some frequencies than does the
DPOAE SS alone (note the triangle above the X symbol).
Recall that nearly 80% of impaired thresholds are in the
slight-to-mild range of hearing loss. Hence, our best results
are achieving hit rates of 91-99% for the detection of the
most challenging and most frequently missed hearing losses.

D. Factors influencing improvement

In this study, the swept-tone joint-OAE profile showed
clear improvements over early work exploring the clinical
utility of OAEs (see bolded hit rates in Table I vs the sum-
mary of hit rates for past literature presented in the
Introduction). In Fig. 10 we examined some of the methodo-
logical differences that could have contributed to this
improvement. To do this, we re-analyzed our OAE ampli-
tude data using alternative methods, and contrasted these hit

Abdala et al.
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FIG. 7. (Color online) (A)—(F) Three parameters are derived from a fit to
the I/O functions and plotted as a function of center frequency: maximum
slope [(A) and (D)], source strength [(B) and (E)], and compression knee
[(C) and (F)]. Mean data from the normative group are shown in the left
column and from hearing-impaired group, in the right column for corre-
sponding parameters. SFOAEs are shown in red and DPOAE:s in blue. The
thin dashed lines represent 2 standard deviations. The I/O function parame-
ters are altered by hearing loss in three basic ways (compare like parameters
in left and right columns): SFOAE slope steepens, source strength weakens
(more so for the DPOAE than SFOAE), and the compression knee is ele-
vated for the DPOAE.

rates with those achieved by one classifier in the current
joint protocol, DP40, SF40. These re-analyzed results do not
exactly simulate past work because many methodological
factors could not be recreated or manipulated a posteriori
nor can they disentangle the contributions of each factor to
performance. The primary three factors examined were (A)
analyzing the OAE at a single test frequency (vs analysis
within a half-octave frequency band comprised of ~50 fre-
quency points), (B) analyzing the total DPOAE (vs only the
separated nonlinear distortion component of the DPOAE),
and (C) Imposing a 6 dB-SNR criteria for the inclusion of
DPOAE data (vs our non-elimination of any data based on
SNR). In all panels, analysis of the DPOAE-alone was com-
pared to our joint reflection-distortion approach.

The filled purple circles in Figs. 10(A) and 10(B) repre-
sent hit rates for one of the top classifiers, {DP40, SF40},
using our current joint protocol. Hit rates of 91%-98% are
achieved across frequency with this variable set. In panel
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(A), the orange x symbol depicts hit rates derived from the
same group of ears when the distortion component of the
DPOAE was measured and analyzed at a single test fre-
quency (not within a frequency band). This single-frequency
analysis method yields much-reduced hit rates (~ 50% at
the lowest and highest test frequencies). The best perfor-
mance achieved is 82% at 8 kHz. When SFOAE level at
40 dB, also analyzed at a single frequency, is combined with
the DPOAE, hit rates improved to some extent, although
they are still lower than those achieved by utilizing a
frequency-band analysis (orange triangle).

Figure 10(B) shows a comparison between our current
protocol using variable set {DP40, SF40} and the total
unseparated DPOAE (analyzed in every other way as in
our current protocol). Utilizing the total DPOAE at 40 dB
(orange X symbol) reduces sensitivity to hearing loss
greatly at frequencies <2kHz but one can compensate by
including SFOAE level (see orange triangles). The hit rates
remain slightly below those of our current protocol, but
substantial improvement is obtained by including the
SFOAE; sensitivity ranges from 82% to 92% when both
OAEs are considered together, even though the DPOAE is
unseparated.

Figure 10(C) illustrates the impact of using SNR-based
criteria to eliminate OAEs that are close to the noise floor. We
could not conduct re-analysis at 40dB FPL because imple-
menting SNR-based criteria eliminates too much data at the
lower stimulus level. Hence, the comparison was done at
65 dB FPL, which reduced hit rates overall. The open purple
circles show hit rates for the current protocol, variable set
{DP65, SF65}. For comparison, the DPOAE in this re-analysis
was the total, unseparated DPOAE. As evident, sensitivity to
hearing loss was degraded whenever SNR-based criteria were
imposed, in particular, for frequencies < 4 kHz (see orange tri-
angle and x symbols). Also, evident is that, at this higher stim-
ulus level little improvement is gained by including the
SFOAE.

It is also likely that using FPL-based stimulus calibra-
tion and the EPL correction to OAE level, both techniques
that mitigate the effect of ear-canal standing waves on OAE
measurements, contributed to improved hit rates. These
techniques are known to produce more reliable and stable
behavioral thresholds and OAE measurements (Scheperle
et al., 2011; Reuven et al., 2013; Souza et al., 2014; Maxim
et al., 2019). However, because the stimulus calibrations
could not be manipulated a posteriori, we were unable to
test the specific influence these methods may have had on
the detection of mild hearing loss.

E. Results summary

A consistent pattern of OAE abnormalities emerged when
emissions were measured in slight-to-moderately impaired ears.
Hearing loss produces a triad of disruptions: (1) It reduces OAE
amplitude and source strength, more so for the DPOAE than the
SFOAE, (2) it steepens the SFOAE growth slope by reducing
OAE:s evoked by low-level stimuli more than those evoked by
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high levels, and (3) it pushes the compression knee of the
DPOAE toward higher stimulus levels, effectively extending its
linear range. Mild hearing loss systematically alters the relation-
ship between reflection and distortion emissions, suggesting that
the two emission classes have distinct sensitivities to cochlear
pathology and dysfunction. Using our best OAE classifiers, the
swept-tone Joint-OAE profile was able to detect mild hearing
loss with hit rates of 92-99% at center frequencies from
0.75kHz to 12kHz. The results reflect strongly improved per-
formance relative to previously published reports using conven-
tionally measured/analyzed OAEs in the detection of hearing
loss. One contributor to this enhanced performance is the inclu-
sion of data from both distortion and reflection OAEs
combined.
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IV. DISCUSSION

Mild hearing loss impacts reflection and distortion
emissions differently, suggesting distinct sensitivities to
cochlear pathology; this distinct behavior appears to
improve the detection of mild hearing loss and supports the
strategy of using a joint-OAE approach to diagnostics. The
joint-OAE profile, which is meant to access and exploit dual
cochlear processes involved in the generation of DPOAEs
and SFOAEs, detected mild hearing loss with high sensitiv-
ity (>90%) across almost five octaves. Combined, these two
classes of OAEs—namely, the distortion component of the
DPOAE, which is thought to probe the strength and form of
the cochlear nonlinearities, and the SFOAE, a reflection
emission linked to cochlear amplifier gain and tuning—were
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TABLE 1. Hit rate (with fixed 10% false positives) across nine center frequencies. The values in the brackets represent 95% confidence intervals generated
through resampling (see Sec. IT). The bolded OAE variable sets are those that performed best across frequency.

Center frequency (kHz)
OAE variable set # 0.75 1 1.5 2 3 4 6 8 12
1 88 [79-100] 92 [81-98] 97[90-100] 93 [88-98] 92[87-98]  97[90-100] 98[94-100]  92[87-99] 97 [84-100]
2 85 [74-96] 84 [70-92]  90[84-97] 92[81-97]  82[75-90] 86 [78-94] 81 [68-90] 69 [49-88] 57 [46-80]
3 72 [57-85] 72 [60-82]  74[56-86] 80 [70-89] 80 [72-89] 84 [72-93] 91 [83-96] 92 [86-97] 92 [86-98]
4 95 [91-100] 91 [81-99] 97 [91-100] 94 [87-99]  92[88-98]  97[92-100] 98[92-100]  92[84-99] 97 [86-100]
5 67 [33-88] 67 [49-85]  72[54-88] 90[82-97] 99[94-100] 97[92-100] 96 [90-100] 94 [84-99] 78 [54-89]
6 60 [42-79] 69 [53-80] 77 [57-87] 77[64-87] 81 [49-90] 83 [75-91] 83 [68-90] 57 [33-72] 48 [37-64]
7 97 [91-100] 92 [81-100] 96 [91-100] 93 [89-99] 99 [94-100] 98 [95-100] 99 [94-100] 97 [91-100] 95 [81-100]
8 97 [84-100] 94 [76-99] 96 [88—100] 95[86-99] 100[90-100] 98 [95-100] 99 [95-100] 95 [88-100] 92 [77-100]
9 91 [80-99] 87 [74-94]  91[84-97] 92[84-97] 86[78-92] 90 [85-98] 95 [87-99] 93 [84-98] 95 [86-99]
10 97 [85-100] 92 [85-99] 96 [84-100] 96 [89-99] 98 [94-100] 98 [95-100] 98 [94-100] 95[83-100] 83 [67-95]
11 100 [89-100] 94 [86—100] 96 [89-100] 96 [90-99] 98 [94-100] 99 [96-100] 99 [96-100] 95 [84-100]  85[74-98]
12 100 [94-100] 94 [86-100] 96 [86—100] 96 [90-99] 99 [96-100] 97 [95-100] 98 [95-100] 100 [92-100] 88 [76-98]
# OAE Variable Sets
1 DP40—DPOAE level at 40 dB FPL
2 SF40—SFOAE level at 40 dB FPL
3 DP65—DPOAE level at 65 dB FPL
4 DP40, SF40—DPOAE and SFOAE level at 40 dB FPL
5 DPCK—DPOAE compression knee
6 SFMS—SFOAE maximum slope
7 DP40,SF40, DPCK, SFMS—Variable set #4, #5 and #6 combined.
8 DP40, DPCK—Variable set #1 and #5 combined
9 DP65, SF40—Variable set #2 and #3 combined
10 DPSS—DPOAE source strength
11 DPSS, SFSS—DPOAE and SFOAE source strength
12 DPSS, SFMS—Variable #6 and #10 combined

able to detect mild hearing loss with outstanding accuracy.
These findings prompt the continued exploration and devel-
opment of a joint-OAE approach to hearing diagnostics with
the future goal of differential diagnosis (i.e., distinguishing
between two ears with similar degrees of hearing loss but
distinct etiologies). The clinical practice of arbitrarily mea-
suring one of the two OAE types (either DPOAEs or
transient-evoked OAEs typically) when testing patients for
hearing loss is not supported by our results. Nor do our
results support the continued use of conventional discrete-
tone OAE measurement in individuals with suspected hear-
ing loss because their speed, efficiency, and resolution can-
not match that offered by swept-tone stimuli.

A. Basilar-membrane motion

Mild sensory hearing loss produced a reliable triad of
disruptions in OAE growth and compression. This profile of
OAE abnormality was consistent with what has been
reported from direct basilar-membrane measurements in
laboratory animals with induced cochlear injury [e.g.,
Rhode (1971), Ruggero and Rich (1991), and Robles and
Ruggero (2001)]. OAEs from the impaired cochlea show
reduced responses (i.e., reduced gain) with steepened and
less compressive growth. Chinchillas exposed to furose-
mide, which blocks OHC transduction by reducing the endo-
cochlear potential, show smaller displacements of the
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basilar membrane consistent with reduced gain; this reduc-
tion is more pronounced for low- vs high-level stimuli,
which steepens the growth function. Furthermore, basilar-
membrane responses in a healthy cochlea grow compres-
sively near the best frequency but become linearized when
damage is induced (Ruggero and Rich, 1991). The joint-
OAE profile roughly mirrors the response of the basilar
membrane when the cochlea has been compromised.

B. Comparisons with other work

There were some fundamental differences between our
methods and those in previously published reports. One
stark difference is that past studies used only one of the two
classes of OAEs to detect hearing losses, never reflection
and distortion emissions together. Here, some of our best
classifiers across frequency included metrics derived from
both classes of emissions combined, such as the SFOAE and
DPOAE level at 40 dB FPL, as well as these level measure-
ments combined with the maximum slope of the SFOAE
growth function and the compression knee of the DPOAE.
These two variable sets produced > 90% hit rates across all
center frequencies, from 0.75 to 12kHz. Our hypothesis is
that we are accessing two distinct generation mechanisms
and exploiting the information that each offers about
cochlear integrity with our joint-OAE profile. Results con-
firmed that mild hearing loss impacts these two emissions in
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FIG. 9. (Color online) Hit rate (with fixed false positive rates of 10% and
5%) for five of the top OAE classifiers. A line is drawn at 90% to highlight
that two variable sets in this figure achieved >90% across all center fre-
quencies: {SF40, DP40} and {SF40, DP40, SEMS, DPCK} (see Table I for
definitions of OAE variables). When a stricter acceptable false positive rate
is applied (bottom panel), sensitivity is slightly reduced as expected.

distinct ways (see Fig. 7), and so it is not surprising that
using them together might synergistically enhance the detec-
tion of hearing loss. When these signature distortion and
reflection OAE sensitivities are combined, they detect mild
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hearing loss with strong accuracy across all nine frequen-
cies. The detection of mild hearing loss was most notably
improved in the low-to-mid frequencies when SFOAEs
were combined with a DPOAE metric, supporting the notion
that the two emissions each offer a slightly different “look”
at cochlear hearing loss.

Another difference between our studies lay in the mea-
surement of the DPOAE. Because a central purpose of the
present study was to assess the value of exploiting OAE
generation mechanisms, it was essential for us to separate
the nonlinear distortion component of the DPOAE rather
than analyze the total DPOAE, which leaves uncontrolled
contributions from reflection components. Figure 10(B) sug-
gests that not separating out the distortion component of the
DPOAE reduced hit rates, particularly at low frequencies.
The failure to control DPOAE components allows for com-
ponent interference which produces spectral fine structure.
When the total DPOAE is measured at single frequencies,
the tester cannot know where along the fine structure pattern
the chosen test frequency falls. When located at a deep mini-
mum in fine structure, the resulting estimates of DPOAE
amplitude may reduce its ability to detect hearing loss.

Johnson and colleagues (Johnson et al., 2007; Go et al.,
2019) concluded that the impact of using the total DPOAE
(vs the distortion-component only) was negligible when
considering their full group of subjects; however, more sub-
stantive improvements were observed when focused on only
the most mildly impaired ears in their group, at the lowest
stimulus levels. This is consistent with the findings here in
our mostly slight-to-mildly impaired subjects at 40 dB FPL.
Detecting hearing loss in a subject cohort with moderate or
moderate-severe hearing loss may be nearly equivalent for
the total DPOAE vs separated distortion component because
greater degrees of hearing loss are more easily detected; the
difference may be negligible. However when attempting to

SNR-based Data Elimination
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FIG. 10. (Color online) (A)—(C) The effects of frequency-band analysis, DPOAE unmixing, and SNR-based data elimination on hit rates. Panel (A) shows
comparisons between the current protocol (purple filled circles) that is analyzed as a frequency band and DP40 analyzed at a single test frequency (orange
X); panel (B) shows comparisons between the current protocol, which analyzes the separated distortion component of the DPOAE and the total DPOAE
(orange X); and panel (C) compares the current protocol (at 65 dB, open circles), which retains all OAE data vs the total DPOAE analyzed with SNR-based
data elimination (orange x). Additionally, all comparisons illustrate the effect of including the SFOAE on performance (orange triangle) vs utilizing the

DPOAE alone.
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detect the more difficult cases (i.e., ears with slight-to-mild
amounts of hearing loss), our findings indicate that the sepa-
ration of the DPOAE distortion component is influential and
improves sensitivity. Others have also reported that separat-
ing the DPOAE produces more reliable estimates of audio-
metric threshold (Zelle et al., 2017b).

A third difference between current and past studies is
that the joint-OAE protocol included up to 50 data points in
a half-octave frequency band, which was our unit of analy-
sis, rather than a single data point at one test frequency. Re-
analyses of OAE data to mimic single-frequency methods
[see Fig. 10(A)] suggests that the frequency-band approach
produces better hit rates than does an OAE analyzed at a sin-
gle test frequency, as conventionally applied. The problems
encountered when using single test frequencies are exacer-
bated by failing to separate the distortion component of the
DPOAE because the single test frequency may fall on a
non-ideal segment of DPOAE fine structure (i.e., a mini-
mum or flank of a fine structure period). Of the early studies
investigating clinical utility of OAEs, the analyses that per-
formed best in detecting hearing loss applied multivariate
approaches [Hussain et al. (1998), Dorn et al. (1999), and
Gorga et al. (2005)]. By including predictive information
across several frequencies combined, multivariate
approaches achieved the strongest hit rates reported among
these early studies [e.g., Dorn et al. (1999)]. This strategy
most approximates the concept of a frequency band; that is,
including more correlated frequency information appears to
strengthen the detection of hearing loss.

One striking and salient contrast between this study and
those conducted nearly 30 yrs ago is that here, the use of
low- (rather than moderate-high) level stimuli unequivocally
achieved the strongest hit rates. As evident from the mean
data shown in Figs. 5 and 10 and Table I, the 40 dB stimulus
level more effectively separated impaired and normal-
hearing individuals. Others have reported that aging-related
declines in hearing are observed earlier using DPOAEs
evoked at low-moderate levels (25-45dB SPL) (Glavin
et al., 2021) and that low stimulus levels also provided the
greatest sensitivity to noise exposure (Poling et al., 2022).
This contrasts with the higher stimulus levels previously
recommended for diagnostic assessment (Stover et al.,
1996). For decades the default stimulus parameters used to
diagnose hearing loss with OAEs in the audiology clinic has
been 65-55 dB or thereabouts. Our analysis indicates that L,
and probe levels of 65dB produced relatively poor hit rates
compared to those obtained using lower-level stimuli.” In
the present study, 40 dB FPL was often the lowest stimulus
level presented to impaired ears; and the classifier variable
set including both DPOAE and SFOAE levels at 40 dB FPL
was one of the most potent variables. These results unequiv-
ocally support the finding that moderate-high stimulus levels
do not detect mild hearing loss as well as low levels. This
finding may be due to greater sensitivity of the low-level
regime of auditory function, where the cochlear amplifier is
actively impacting wave motion. At higher levels, OAEs are
in the saturated portion of their growth and less responsive
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to the physiological changes induced by hearing loss. As a
result, the mildest hearing losses may be missed when test-
ing at high stimulus levels.

To optimize the apparent sensitivity of OAEs evoked
by low-level stimuli, one must carefully consider how to
deal with low level/low SNR data when characterizing
OAE:s. In contrast to some past studies using OAEs to detect
hearing loss, we did not exclude low-level OAE data points
that failed to meet SNR criteria; this does not benefit the
accurate detection of hearing loss and is bad practice. It
eliminates the very OAEs that are indicative of hearing loss
and artificially skews group data toward higher amplitude
OAEs. Recall that OAEs evoked by low-level stimuli per-
formed best in the detection of hearing loss, yet OAEs
evoked by 40dB FPL in the current study would have been
disproportionately eliminated by using SNR-based criteria.
In this study, data points that had low SNR because the
intracochlear signal was weak, were of interest; those that
had low SNR because noise was excessive were not and
they were eliminated. As a result, we could be confident that
the retained OAEs, even those with low SNR, were mostly
indicative of cochlear status. By retaining points close to the
noise floor, we captured optimal indicators of hearing loss,
which contributed to improved hit rates.

Other research groups have also had some success in
applying advanced OAE methods for diagnostic and moni-
toring purposes, such as the use of pulsed stimuli which
allows for rapid DPOAE component separation in the time
domain [e.g., Zelle et al. (2017a), Zelle et al. (2017b), and
Bader et al. (2024)]. The specific objectives of this promis-
ing work differ from our own in that they take a single-OAE
(vs joint) approach, and their goal is to estimate behavioral
thresholds. However, our larger goals are similar as their
findings support DPOAE component separation, advanced
calibration, and individually optimized parameters. A direct
comparison with our work is not possible since the accuracy
with which their method can detect mild hearing loss has
not been assessed in a large cohort [see Zelle et al. (2017a)].

C. Detecting slight-mild hearing loss

Most of the seminal studies on OAE clinical utility
cited in this report tested subjects with a wide range of hear-
ing loss, including moderate-severe, severe, and profound
hearing impairments. The greater the degree of loss, the
more easily a classifier variable should be able to distinguish
between impaired and healthy ears. The subject group in the
present study had hearing loss ranging from slight to moder-
ate but was dominated by slight-to-mild hearing loss—
nearly 80% of thresholds were <40dB HL and the overall
mean audiometric threshold in the hearing-impaired group
was 39 dB HL. Therefore, our task of classifying ears appro-
priately was more difficult because the contrast between the
two cohorts was reduced. These slight-to-mild hearing
losses are those most often missed in screening and diagnos-
tic protocols and form the “false-negative” segment of the
outcome matrix.
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Recent work as well as studies conducted decades ago
(Bess, 1985; Bess et al., 1998; Petley et al., 2021) have
reported negative educational, emotional, and social
sequelae of even a slight degree of threshold elevation in
children. What we once considered negligible hearing loss
of little consequence is now recognized as an indicator of
academic success and quality of life. The present study sug-
gests that we can detect hearing loss in these slightly
impaired ears with high accuracy and acceptable false posi-
tive rates, the latter of which may keep the cost of such a
screening program reasonable. The present study was almost
entirely comprised of adults older than 18years of age.
However, a follow-up study with some of the best OAE
classifiers identified here could determine whether a joint-
OAE profile in school-aged children would detect slight-to-
mild hearing loss with the same high sensitivity we have
found in adults. Catching slight-to-mild hearing loss early in
these children could allow for remediation or academic
accommodation as needed.

D. Future directions

Our research characterizing various aspects of the swept-
tone Joint (reflection-distortion) OAE Profile in newborns,
young and older adults, and individuals with ear disease
(Abdala and Kalluri, 2017; Abdala er al., 2018a; Abdala
et al., 2019; Abdala et al., 2022; Stiepan et al., 2023) support
its utility in the lab and possibly in the clinic. Whether the
improvements observed here (in analyzing both classes of
OAEs together) will lead to an effective and abbreviated
audiological test has not been established in the present study,
and requires additional research. Applying swept tones for
unparalleled frequency resolution and efficiency, using
advanced calibration methods to mitigate standing wave inac-
curacies, and exploiting two distinct classes of emissions
combined, merit continued development and validation.

Ongoing work is currently probing the joint-OAE pro-
file’s ability to distinguish between ears with similar degrees
but distinct etiologies of hearing loss. Other projects are
investigating whether joint-OAE protocols using FPL stimu-
lus calibration can monitor hearing effectively and provide
earlier detection of hearing shifts upon repeated testing.
These studies are critical for updating traditional OAE meth-
ods) (i.e., single-emissions, discrete-tone stimuli, static
parameters, and abbreviated frequency and level ranges) and
moving towards more comprehensive, advanced protocols.
We see no reason why a researcher or clinician should use
conventional but outdated methods and protocols for the
measurement/analysis of OAEs, either for diagnostics or the
study of cochlear function and dysfunction. Our hope is that
commercial instrumentation will soon be developed to test
and adopt some of the optimally effective protocols pre-
sented here to detect mild hearing loss.
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