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Objectives: To date, there is no international standard on how to use
distortion-product otoacoustic emissions (DPOAEs) in serial measure-
ments to accurately detect changes in the function of the cochlear ampli-
fier due, for example, to ototoxic therapies, occupational noise, or the
development of regenerative therapies. The use of clinically established
standard DPOAE protocols for serial monitoring programs appears to
be hampered by multiple factors, including probe placement and cali-
bration effects, signal-processing complexities associated with multiple
sites of emission generation as well as suboptimal selection of stimulus
parameters.

Design: Pulsed DPOAEs were measured seven times within 3 months
for f,=1to 14kHz and L, = 25 to 80 dB SPL in 20 ears of 10 healthy
participants with normal hearing (mean age = 32.1+9.7 years). L, values
were computed from individual optimal-path parameters derived from
the corresponding individual DPOAE level map in the first test session.
Three different DPOAE metrics for evaluating the functional state of the
cochlear amplifier were investigated with respect to their test-retest reli-
ability: (1) the interference-free, nonlinear-distortion component level
(Lyp), (2) the time course of the DPOAE-envelope levels, L. (f), and
(3) the squared, zero-lag correlation coefficient (r2) between the time
courses of the DPOAE-envelope pressures, p,,(f), measured in two ses-
sions. The latter two metrics include the two main DPOAE components
and their state of interference.

Results: Collated over all sessions and frequencies, the median absolute
difference for L, was 1.93 dB and for L ,(f) was 2.52 dB; the median
of r2 was 0.988. For the low (f,=1to 3kHz), mid (f, = 4 to 9kHz), and
high (£, = 10 to 14kHz) frequency ranges, the test-retest reliability of L,
increased with increasing signal to noise ratio (SNR).

Conclusions: On the basis of the knowledge gained from this study
on the test-retest reliability of pulsed DPOAE signals and the current
literature, we propose a DPOAE protocol for future serial monitoring
applications that takes into account the following factors: (1) separa-
tion of DPOAE components, (2) use of individually optimal stimulus
parameters, (3) SNR of at least 15 dB, (4) accurate pressure calibration,
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(5) consideration of frequency- and level-dependent test-retest reliabili-
ties and corresponding reference ranges, and (6) stimulus levels L, that
are as low as possible with sufficient SNR to capture the nonlinear func-
tional state of the cochlear amplifier operating at its highest gain.

Key words: Cochlear amplifier, DPOAE components, Ototoxicity, Serial
monitoring, Source unmixing, Test-retest reliability, Time domain.
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INTRODUCTION

Distortion-product otoacoustic emissions (DPOAEs) are
commonly considered to objectively probe the functional state
of the cochlear amplifier, with the outer hair cells (OHCs)
regarded as its key element (Brownell 1990; Avan et al. 2013).
One important clinical application of DPOAEs is the detection
of relative intra-subject changes in OHC function over time
during ototoxic therapy (Stavroulaki et al. 2001; Reavis et al.
2011; Poling et al. 2019). Furthermore, serial monitoring of
DPOAE changes might also become increasingly relevant for
the investigation of putative functional improvements due to
pharmacologic intervention or in the development of regenera-
tive therapies in patients with impaired hearing due to OHC loss
(Schilder et al. 2019; Shibata et al. 2020).

In clinical practice, the assessment of the state of OHC func-
tion by means of the most prominent DPOAE at the cubic dif-
ference frequency, f;, = 2f, — f,, relies on acoustic stimulation
with two continuously presented stimulus tones, with the ratio
between the two stimulus frequencies f, and f, being typically
J/f, = 1.2. Conventional paradigms record only a limited num-
ber of DPOAE levels at five to seven audiometric frequencies in
the range of f, = 1 to 8kHz, using either a fixed stimulus-level
difference such as L, = L, or L, — L, = 10 dB, and moderate
stimulus levels of L = 55 dB SPL (Beattie et al. 2003; Petersen
et al. 2017; Go et al. 2019; Konrad-Martin et al. 2020), or a
pre-defined frequency-independent linear relationship between
L, and L ; for example, the scissors paradigm (Kummer et al.
1998; Abdala et al. 2021; Keshishzadeh et al. 2021). However,
the knowledge gained from clinically established, standard
DPOAE protocols for serial monitoring programs may be lim-
ited by multiple factors, including probe placement and cali-
bration effects, signal-processing complexities associated with
multiple sites of emission generation as well as the selection of
suboptimal stimulus parameters.

With respect to multiple generation sites, conventional
paradigms using continuous stimulus tones do not correct for
wave interference between the nonlinear-distortion component
that arises at or near the f,-tonotopic place and the coherent-
reflection component from the f -tonotopic region, but
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effectively measure the phasor sum of the waves emerging from
the two generation sites (Shera & Guinan 1999). Therefore,
depending on the relative phases and levels of the two compo-
nents, the assessment of cochlear function near the f,-tonotopic
place might lead to an erroneous conclusion (Heitmann et al.
1998; Mauermann & Kollmeier 2004; Dalhoff et al. 2013). For
example, destructive interference may cause a considerable
reduction in the DPOAE level and, thus, lead to the erroneous
conclusion that the cochlear amplifier is nonfunctional near the
J,-tonotopic place. In an analogous manner, a decrease in level
of the coherent-reflection component might not be expressed
as a decrease in DPOAE level (Zelle et al. 2017c). While, in
general, wave interference might not necessarily reduce test-
retest reliability, it increases the impact of noise sources in the
case of destructive interference due to a reduced signal to noise
ratio (SNR) and introduces ambiguity when relating changes
in DPOAE level to hearing loss or dysfunction of the cochlear
amplifier (Garasto et al. 2023). Furthermore, the two compo-
nents have been shown to exhibit different susceptibility to
hearing loss (Abdala & Kalluri 2017; Prieve et al. 2020; Abdala
et al. 2022). The nonlinear-distortion component and the
coherent-reflection component depend differently on gain and
tuning, through different phenomena, and in different cochlear
regions, with the important difference that only the coherent-
reflection source, which is secondary to the nonlinear-distortion
source, depends on properties of two regions (Shera & Guinan
1999; Abdala et al. 2022). Overall, this means that correct-
ing for wave interference by removing the coherent-reflection
component in the DPOAE signal (or even suppressing it in the
cochlea) should improve the statistical significance of a DPOAE
level change, potentially allowing more accurate serial monitor-
ing of the functional state of the cochlear amplifier.

With respect to suboptimal stimulus parameters, DPOAE
levels show significant dependence on the frequency ratio f)/f,
(Dreisbach & Siegel 2001; Christensen et al. 2015; Mills et al.
2021; Durante et al. 2022; Stiepan et al. 2022) and the stimulus-
level difference L, — L, (Kummer et al. 2000; Zelle et al. 2015),
both of which feature frequency-specific optimum values that
increase sensitivity for detecting damage to the cochlear ampli-
fier (Whitehead et al. 1995; Kummer et al. 1998; Zelle et al.
2020). Moreover, stimulus-level parameters optimized for sen-
sitivity might not necessarily reflect the optimum condition for
serial monitoring of cochlear impairments. For example, lower
stimulus levels increase the sensitivity for detecting hearing
loss (Johnson et al. 2010; Rao & Long 2011), but then require
longer averaging time to counteract the increased influence of
noise sources due to lower DPOAE levels. However, optimum
frequency-dependent stimulus settings are rarely considered in
conventional DPOAE protocols.

Moreover, the frequencies of interest incorporated in the
DPOAE protocol depend on the type of serial monitoring. For
example, ototoxic therapies often, but not always, initially result
in damage to the basal cochlea (Laurell & Bagger-Sjobick
1991), which manifests as high-frequency hearing loss (Fausti
et al. 2003; Reavis et al. 2011). Therefore, the ideal measure-
ment protocol should support DPOAE acquisition over a wide
range of frequencies, including those well above 8 kHz (Poling
et al. 2019).

In hearing research, during the past two decades, alternative
and more complex stimulation and recording techniques have
been developed with the intent of reducing wave interference

(Heitmann et al. 1998; Kalluri & Shera 2001; Long et al. 2008;
Moleti et al. 2012; Dalhoff et al. 2013; Abdala et al. 2015),
optimizing DPOAE generation and sensitivity (Zelle et al.
2017c, 2020), improving high-frequency calibration procedures
(Dreisbach et al. 2018; Maxim et al. 2019; Poling et al. 2019;
Abdala et al. 2022), and possibly revealing new diagnostic
information about the state of cochlear mechanics (Moleti et al.
2005; Abdala et al. 2021).

Here, we evaluate the test-retest reliability of short-pulse
DPOAE time signals recorded at individually identified opti-
mal stimulus levels for frequencies between f, = 1 and 14kHz
to investigate the test-retest reliability of (1) the DPOAE
nonlinear-distortion component level L, (2) the time course
of the DPOAE-envelope levels L (¢), and (3) the squared, zero-
lag correlation coefficient (#%) between the time courses of the
DPOAE-envelope pressures from two measurement sessions.
The latter two parameters are an indicator of the repeatability of
the temporal structure of the DPOAE signal, including both the
nonlinear-distortion and coherent-reflection components.

MATERIAL AND METHODS

Subjects and Study Design

Short-pulse DPOAE time signals analyzed here originate
from experiments of an earlier published study by the authors
(Bader et al. 2021), which compared the test-retest reliability
of estimated distortion-product thresholds (EDPTs) to that of
behavioral thresholds. While the previous study focused on the
definition of a baseline for the test-retest reliability of a quanti-
tative assessment of hearing impairment using EDPTs (Boege
& Janssen 2002; Gorga et al. 2003; Zelle et al. 2017¢) derived
from the DPOAE growth behavior in L, L, space (Whitehead
et al. 1995; Kummer et al. 2000; Zelle et al. 2020), the present
study aims to quantify the intra-subject test-retest reliabilities of
the level of the nonlinear-distortion component and the tempo-
ral structure of DPOAE signals. Their test-retest reliability may
be of interest in tailored serial monitoring applications focusing
solely on the integrity of the cochlear amplifier, especially since
the time course of the signal incorporates information about
both the distortion-generation and the reflection mechanisms
that form the overall DPOAE response (Shera & Guinan 1999).

Short-pulse DPOAEs were recorded bilaterally in 10 healthy,
normal-hearing (four-pure-tone average, 0.5, 1, 2, 4kHz <20 dB
HL; Fig. 1) subjects (mean age = 32.1+£9.7 years; six female
and four male subjects) in a total of seven test sessions distrib-
uted across 3 months. To ascertain the stability of the hearing
status throughout the experimental series, each session included
otoscopy by an ENT specialist (KB), tympanometry (Madsen-
Zodiac 901, GN Otometrics, Minster Germany; Sentiero SD07,
Path Medical GmbH, Germering, Germany) and pure-tone
audiometry (0.25 to 16kHz; Audiometer AT 900 or AT 1000,
Auritec, Medizindiagnostische Systeme, Hamburg, Germany).
Exclusion criteria regarding otoscopy and tympanometry were
pathological changes of the tympanic membrane or middle ear,
such as seromucotympanum, cerumen, sclerotic plaques, atro-
phic tympanic membrane, or perforations. The tympanometry
recorded the maximum change in compliance for a frequency
of 226 Hz and pressure between 300 and =300 mmH,O. To
be included in the study, the tympanogram had to be type A
according to Jerger (1970) and present a peak pressure above
—65 daPa. Both ears were investigated. The Ethics Committee of
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Fig. 1. Behavioral thresholds of all included (4 PTA, 0.5, 1, 2, 4kHz <20 dB HL) ears (N = 20) recorded in the first test session by PTA. PTA indicates pure-tone

audiometry.

the University of Tiibingen approved the study (265/2018B01),
which was conducted in accordance with the Declaration
of Helsinki for human experiments. The interested reader is
referred to Bader et al. (2021) for an elaborated description of
the study design and measurement procedures.

DPOAE Acquisition

Measurement System and Calibration ¢ Simultaneous bilat-
eral recording of DPOAEs was performed using an ER-10C
DPOAE ear probe (Etymotic Research, Elk Grove Village,
IL, USA) controlled by custom-built instrumentation software
(LabVIEW Version 17.0, National Instruments, Austin, TX,
USA) via data acquisition cards (NI PCI 6733, NI PCI 4472,
National Instruments, Austin, TX, USA). Automated DPOAE
signal analysis was performed in MATLAB (Version 9.6, The
MathWorks, Natick, MA, USA). To achieve a similar position
of the ear probe across sessions, the frequency response of the
ear-canal sound pressure from 0.3 to 20kHz was determined
before the calibration and the amplitude and phase responses
visually compared with those of the previous recordings. If
deemed necessary, the ear-probe fit was re-adjusted by the
investigator before continuing with the calibration and record-
ing procedures, with the aim of approximately replicating the
position of any resonances with respect to frequency. In the
post-hoc analysis, it was evident that an antiresonance, typically
apparent between 8 and 12kHz, did not shift by more than 500
Hz across the seven examinations. The resultant level differ-
ences amounted to at most 10 dB, indicating that our procedure
reduced, but did not entirely remove, calibration differences due
to varying probe positions. The stimulus sound pressure was
calibrated using in-ear calibration of the speakers before each
session. A detailed description of the calibration technique is
given elsewhere (Zelle et al. 2015; Bader et al. 2021).

Short-Pulse DPOAE Acquisition * DPOAE signals were
recorded at 10 L, values for 14 frequency pairs in the range of
J, = 1 to 14kHz (f,/f, = 1.2). Frequency-specific stimulus lev-
els started at L, = 25 dB SPL for f, < 3kHz, 30 dB SPL for 4
< f, < 9kHz, and 35 dB SPL for f, > 9kHz, and increased by
5-dB steps. On the basis of the linear relationship L, = aL, + b

introduced by Kummer et al. (1998) for choosing L, for a given
L,, in our experiments @ and b were derived for each ear and
each f, (Zelle et al. 2020). These individually chosen, frequency-
dependent values for @ and b resulted in stimulus-level pairs
that are designed to maximize the amplitudes of the nonlinear-
distortion components and, therefore, are considered optimal
(Zelle et al. 2020). These individually optimal values were
derived during the first measurement session, directly from the
growth behavior of 21 amplitudes of the nonlinear-distortion
component plotted in L,, L, space for each frequency, depending
on their SNR. This representation of amplitude as function of L,
and L, yields so-called DPOAE level maps (Zelle et al. 2020). If
a level map was not available for a given frequency, for example,
due to an insufficient number of DPOAEs complying with the
SNR threshold of 10 dB, the frequency-specific optimal-path
parameters from Zelle et al. (2015) were used.

The acquisition of short-pulse DPOAEs utilizes short
stimulus pulses that facilitate the separation of the nonlinear-
distortion and coherent-reflection components in the time
domain due to their different latencies. The f, pulses had a dura-
tion between 20 and 40 ms, depending on stimulus frequency.
During the steady state of each f, pulse, an f, pulse was pre-
sented with a frequency-specific full-width-at-half-maximum
between 3.27 ms for f, > 4kHz and 13.07 ms at f, = 1 kHz. The
length of the f, pulses was chosen to be commensurate with the
expected relative delay between the two main DPOAE compo-
nents (Zelle et al. 2017c; Bader et al. 2021). Figure 2 shows a
short-pulse DPOAE response at f, = 2 kHz with the envelopes of
the stimulus pulses depicted at the bottom (red lines). To reduce
measurement time, the stimulus pulse pairs were concatenated
into pulse trains with a 1-ms pause between the longer f; pulses
and a 2-ms pause before the first and after the last f, pulse (Zelle
et al. 2020). The acquisition of 14 DPOAEs for 14 stimulus fre-
quencies required two pulse trains, each with a total duration
of 180 ms and composed of seven pulse pairs associated with
seven f, frequencies. Pulse trains were presented simultaneously
to both ears, but the order of the frequencies within a train was
opposite in the two ears to avoid (efferent) suppression effects
that might occur had the frequency order been the same in both
ears. The light-gray lines at the bottom of Figure 2 show the
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Fig. 2. DPOAE time signal in response to short-pulse stimulation. Time sig-
nal (gray lines) and envelope (dark-gray lines) of a short-pulse DPOAE sig-
nal recorded from ear ST63R at f, = 2kHz, L, = 45 dB SPL, L, = 57 dB SPL.
Bandpass filtering extracted the DPOAE signal from the multi-frequency
recording that comprises multiple DPOAEs elicited by pulse trains. Red
dot: amplitude of the nonlinear-distortion component estimated with onset
decomposition. Due to their different latencies, the two components of
the DPOAE signal become distinguishable in the time domain, with the
coherent-reflection component following the nonlinear-distortion compo-
nent. Red lines at the bottom: shape and arrangement of the f, and f, stimu-
lus pulses that evoked the DPOAE signal. Bold light-gray lines: pulses in
the multi-frequency pulse train that evoke a DPOAE at f, = 4 and 11kHz,
respectively (responses not shown). In this example, the first peak of the
DPOAE time signal represents the nonlinear-distortion component, the sec-
ond peak is the coherent-reflection component, and the intervening dip is
the state of destructive interference. Therefore, the temporal structure of the
DPOAE signal contains several items of information about the functionality
of the cochlear amplifier. DPOAE indicates distortion-product otoacoustic
emission.

stimulus pulses in the pulse-train arrangement that were used
to evoke DPOAE responses before (f, = 4kHz) and after (f, =
11kHz) that shown in the figure (f, = 2kHz). Each bilateral
recording composed of seven different stimulus frequencies
was averaged until an SNR of at least 10 dB for all DPOAEs
or a maximum of 100 repetitions was reached. Measurement
blocks with excessive noise or motion artifacts and, therefore,
not yielding an increase of SNR with subsequent presentations,
were automatically excluded from the averaging process by the
analysis software. Primary-tone phase variation was used to
cancel the stimulus pulses after ensemble averaging by shifting
the phases of the f; and £, pulses in subsequent segments by 90°
and 180°, respectively (Whitehead et al. 1996). The total maxi-
mum recording time for all short-pulse DPOAESs at 14 frequen-
cies with 10 levels in both ears was 6 min; that is, 18 s per pulse
train or about 2.6 s per single frequency-level combination.

Analysis of DPOAE Time Responses ¢ Each averaged
recording comprised seven DPOAE signals with stimulus fre-
quencies depending on the particular multi-frequency pulse

train. Bandpass filtering around the DPOAE frequency and
bandwidths commensurate with the half width of the corre-
sponding f, stimulus pulse yielded the DPOAE time responses.
An automated signal-detection algorithm (Zelle et al. 2017b,
¢) determined the beginning and the interval of the DPOAE
signal; this interval includes both DPOAE components. The
detected DPOAE time signal was considered statistically sig-
nificant if its variance was significantly higher than that of the
superimposed noise at a significance level of a = 0.05 (x*
test). In addition, all valid signals with a time delay of less than
500 ps between the onsets of the £, pulse and the DPOAE were
considered as possible technical distortion from the experi-
mental system (e.g., from the ear probe) and excluded from
further analysis.

Due to their different latencies, the DPOAE components
become distinguishable in their time course (Fig. 2), with the
nonlinear-distortion component arising before the coherent-
reflection component emerges. The nonlinear-distortion com-
ponent dominates the DPOAE response for a short time period,
which relates to the relative delay between the two DPOAE
components. They become directly separable in the time domain
when the duration of the f] stimulus pulse corresponds approxi-
mately to the relative delay between the nonlinear-distortion
and the coherent-reflection components. To extract the ampli-
tude of the nonlinear-distortion component, the envelope of
the DPOAE time signal was automatically sampled at a time
point between the DPOAE onset and the onset of the coherent-
reflection component, accounting for the varying latency of the
DPOAE signal and its components as a function of frequency,
level, and integrity of the cochlea. This amplitude is denoted
by P, where the subscript “OD” is used to emphasize that the
automated extraction process (Zelle et al. 2017b) is based on
onset decomposition (Vete$nik et al. 2009). P was converted
to the level L, which in turn was accepted for statistical analy-
sis if its SNR was at least 10 dB.

In addition to being able to extract the nonlinear-distortion
component directly in the time domain, the acquisition of
short-pulse DPOAESs provides the advantage of analyzing and
comparing the time course of DPOAE signals across various mea-
surement sessions. Therefore, an SNR-based threshold detec-
tion algorithm, that accepts samples of the DPOAE-envelope
exhibiting an SNR = 6 dB, was used to obtain an estimate of the
signal offset of each DPOAE signal. The detected signal onset
and offset span an interval in the time signal p(?) that is domi-
nated by the DPOAE signal p_(¢), which—provided the SNR
is sufficiently high—includes both the nonlinear-distortion and
the coherent-reflection components (Fig. 3, black lines). This
time-interval estimate is required for calculating metrics associ-
ated with the time courses of the DPOAE signals across mea-
surement sessions (see Statistics).

Statistics

SPSS Statistics software (version 26, IBM, New York, USA)
was used for statistical testing. To quantify intra-subject test-
retest reliability of L, two different metrics were used: (1)
absolute differences (ADs) between test and retest sessions
(1 versus 2, 1 versus 3, 1 versus 4,..., 2 versus 3, 2 versus 4,...;
N =21), and (2) the intraclass-correlation coefficient (two-way
mixed, absolute consistency). Intra-subject test-retest reliability
determines the ability of one method to provide similar results
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Fig. 3. Comparison of test-retest reliability of DPOAE signals in three different ears at L, = 45 dB SPL. In each panel, one DPOAE response is shown for each of
the seven sessions. Gray lines: Envelope of recorded and filtered signal. Black lines: Interval with detected DPOAE signal. Red dots: estimate of the amplitude
of the nonlinear-distortion component, based on the onset-decomposition technique. A, The time course of the DPOAE signal suggests destructive interference
between the two DPOAE components. The total time course—the part dominated by the nonlinear-distortion component, the part dominated by the interfer-
ence, and the part dominated by the coherent-reflection component—show high stability. B, The DPOAE signal amplitude is much lower than for the subject
in A, which may indicate that the noise has a greater impact on test-retest reliability. Moreover, the DPOAE time courses dominated by the nonlinear-distortion
component on the one hand and the coherent-reflection component on the other hand show similar amplitudes. If the components were in phase opposition,
they would approximately mutually cancel, preventing source separation. C, A DPOAE signal without clearly visible coherent-reflection component. Median

absolute differences (see Statistics for definitions): 0.67 dB (A), 1.66 dB (B), 1.57 dB (C) for L

1.26 dB (A), 2.47 dB (B), 3.06 dB (C) for L ,(t). Median, squared

oD/

zero-lag correlation coefficient .2 for p_(): 0.991 (A), 0.959 (B), 0.963 (C). Strikingly, in all three cases, .2 is exceedingly high (> 0.96). DPOAE indicates

distortion-product otoacoustic emission.

when repeated for the same subject under the same experimen-
tal conditions (cf. Fig. 3).

Moreover, the acquisition of short-pulse DPOAE time sig-
nals allows quantification of the intra-subject test-retest reliabil-
ity of the time course of the DPOAE signal between test and
retest sessions. For this purpose, we used the time course of the
DPOAE-envelope pressures p,(7) as well as the time course of
the DPOAE-envelope levels L (?). To objectively quantify the
differences between two DPOAE responses, two further metrics
were used to compare all samples of p_ () that exhibit an SNR
> 6 dB: (1) the squared, zero-lag correlation coefficient (%)
between the p,(¢) from two sessions, and (2) the mean value
of the sample-wise ADs between the L (7) from two sessions.
In contrast with the interference-free, nonlinear-distortion com-
ponent level, L . which is a metric evaluated at a single time
instant, the mean value of the sample-wise ADs and 7* consider
the time signal of the DPOAE response.

Statistical significance between samples of ADs (see
Supplementary Figure 1 in Supplemental Digital Content,
http://links.lww.com/EANDH/B412, for histograms of rela-
tive and ADs of L, respectively) was tested using the Mann—
Whitney U test to compare the distribution of two samples, and
the Kruskal-Wallis test to compare the distribution of multiple
samples.

RESULTS

For f, = 1 to 14kHz, 9706 out of 19,600 DPOAE recordings
(49.5%) yielded reliable short-pulse DPOAEs (Supplementary
Table 1 in Supplemental Digital Content, http://links.lww.com/
EANDH/B413).

Dependence on f,
Figure 4 shows as a function of £, (1) the ADs of the level

of the nonlinear-distortion component L., (2) the mean

sample-wise ADs of the time course of the DPOAE-envelope
levels L, (7), and (3) the squared, zero-lag correlation coeffi-
cient, 7%, between two-time courses of the DPOAE-envelope
pressures. For L and L (?), statistical data are displayed as
boxplots of median and interquartile range (IQR). The upper
error bars represent a range that covers 90% of the data start-
ing from a minimum value of AD of 0 dB. For 2, the dots and
arrow heads indicate the median values and the IQR, while the
lower error bars represent a range that encompasses 90% of the
data descending from a maximum value of 7> = 1. Data are col-
lated from the 21 pairwise combinations of the seven sessions.
Table 1 presents the data from Figure 4 in tabular form. Table 2
presents the intraclass-correlation coefficient for L at each
Jf,=1to 14kHz.

The test-retest reliabilities of L., L (1), and r’ were
dependent on stimulus frequency with significant differences
between individual frequencies (Kruskal-Wallis test: L,
N =24,497, p <0.001; L ,(t), N = 24,497, p < 0.001; >, N =
24,497, p < 0.001). For all frequencies f, = 1 to 14kHz, the
median AD was 1.93 dB (IQR = 2.85 dB) for L, and 2.52
dB for L_(¢) (IQR = 2.02 dB); the median of 7> was 0.988
(IQR =0.022).

To further analyze the dependency of the test-retest reliabili-
ties of L, L, (1), and 7 on f,, the data were divided into three
frequency ranges, f, = 1 to 3kHz, f, = 4 to 10kHz, and f, = 11
to 14kHz. At low frequencies (f, = 1 to 3kHz), L exhibited
higher test-retest reliability, with median ADs ranging between
1.21 and 1.48 dB, than at mid frequencies (f, = 4 to 10kHz) or
high frequencies (f, = 11 to 14kHz) with median ADs ranging
between 1.89 dB for f, = 13kHz and 3.05 dB for f, = 10kHz.
Significant differences in the test-retest reliability of 1.03 dB
between the low-frequency and mid-frequency ranges (Mann—
Whitney U test, z =—35.86, p < 0.001) and of 1.05 dB between
the low- and high-frequency ranges (Mann—Whitney U test,
z = 24.88, p < 0.001) were observed. Between the mid- and


http://links.lww.com/EANDH/B412
http://links.lww.com/EANDH/B413
http://links.lww.com/EANDH/B413

BADER ET AL./EAR & HEARING, VOL. 45, NO. 5, 1326-1338 1331

|
10 F

40.95
8k

0.9
S
—~ 40.85°%L
()]
<
ar 0.8
2r -40.75
O | | | | | | | | | | | | | | 07

1 15 2 3 4 5 6 8 9 10 11 12 13 14
fZ(kHZ)

Fig. 4. Dependence of test-retest reliability of short-pulse DPOAEs on f,, collated across all subjects and the 21 pairwise combinations of seven sessions.
Metrics are (1) the level of the nonlinear-distortion component, L (black), (2) the time course of the DPOAE-envelope levels, L (t) (gray), and (3) the squared,
zero-lag correlation coefficient between two time courses of the DPOAE-envelope pressures, r* (red). Test-retest reliability of L and L (t) are presented as
AD. Boxes: median and IQR from the first to the third quartile. Upper error bars: 90th percentile indicating a range that covers 90% of the ADs starting from
AD = 0. For r?, box plots are presented as arrowheads directed to the median (dots). Lower error bars: 10th percentile indicating a range that covers 90% of r*
starting from 1 = 1. AD indicates absolute differences; DPOAE, distortion-product otoacoustic emission; IQR, interquartile range.

high-frequency ranges, a significant difference (0.02 dB) was not The time course of the DPOAE-envelope pressure showed
observed (Mann-Whitney U test, z=1.06, p = 0.289). For £, = 1 higher test-retest reliability, as ascertained with 72, for the
to 3kHz, median AD 1.38 dB, IQR 1.97 dB, 90%-range 4.11 dB, low- and the high-frequency ranges compared with the mid-
N =9374; for f,= 4 to 10kHz, median AD 2.41 dB, IQR 3.40 dB, frequency range (f, = 1 to 3kHz, median 7> = 0.979, IQR =
90%-range 6.84 dB, N = 12,102; for f; = 11 to 14kHz, median 0.03, 90%-range = 0.915, N = 9374; f. = 4 to 10kHz, median
AD 2.43 dB, IQR 3.33 dB, 90%-range 6.84 dB; N = 3021. r*=10.947,1QR = 0.05, 90%-range = 0.866, N = 12,099; f, = 11

Similar trends were observed for the time course of DPOAE- to 14kHz, median 72 = 0.982, IQR = 0.04, 90%-range = 0.918,
envelope levels L (7); there was a 0.7-dB improvement in test- N =3021).

retest reliability for the 1 to 3kHz frequency range compared
with the mid- or high-frequency ranges (f, = 1 to 3kHz, median

AD=2.14 dB, IQR = 1.44 dB, 90%-range = 4.15 dB, N = 9374; Dependence on L,

f, =4 to 10kHz, median AD = 2.86 dB, IQR = 2.34 dB, 90%- To evaluate the potential effect of stimulus level L, on test-
range = 6.04 dB, N = 12,099; £, = 11 to 14kHz, median AD = retest reliability, Figure 5 presents the median ADs for L, (A)
2.80 dB, IQR = 2.40 dB, 90%-range = 6.21 dB; N = 3021). and L_(?) (B) as well as the median of 72 (C) for L, and f,. For f,

TABLE 1. Dependence of test-retest reliability of short-pulse DPOAEs on f, collated across all subjects and the 21 pairwise
combinations of seven sessions

Lo L) r?
f, (kHz) AD Median AD IQR AD 90% AD Median AD IQR AD 90% Median IQR 90% N
1 1.47 2.04 4.48 2.13 1.42 4.12 0.980 0.030 0.926 1820
1.5 1.38 1.92 3.89 2.03 1.36 3.96 0.983 0.028 0.930 2707
2 1.21 1.80 3.87 2.05 1.30 3.94 0.980 0.030 0.930 2323
3 1.48 2.06 4.19 2.36 1.60 4.52 0.972 0.049 0.877 2524
4 2.21 3.39 6.34 2.79 2.25 5.66 0.970 0.053 0.875 2667
5 2.56 3.57 7.38 2.98 2.57 6.65 0.961 0.078 0.824 2557
6 2.34 3.22 6.52 2.81 2.09 5.74 0.965 0.064 0.849 2354
8 2.13 2.82 5.72 2.56 1.98 5.18 0.980 0.036 0.919 1568
9 2.43 3.45 7.14 2.71 2.41 6.03 0.979 0.042 0.900 1521
10 3.05 4.00 8.32 3.42 2.75 6.95 0.978 0.046 0.880 1435
11 3.00 3.69 7.82 3.07 2.61 6.92 0.981 0.034 0.924 1316
12 1.90 2.64 6.55 2.42 1.80 5.54 0.980 0.041 0.887 85
13 1.89 2.73 5.37 2.22 1.97 5.14 0.989 0.024 0.933 1029
14 2.67 3.34 6.62 3.16 2.46 6.21 0.968 0.056 0.884 591
Total 1.93 2.85 5.96 2.52 2.02 5.44 0.988 0.022 0.944 24,497

1-14 kHz

The entries correspond to the data presented graphically in Figure 4. N denotes the total number of underlying pairs of comparisons at each frequency. AD has units of dB.
AD, absolute differences; DPOAE, distortion-product otoacoustic emission; IQR, interquartile range.
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TABLE 2. Test-retest reliability of L, quantified with the ICC
and the 95% ClI for each f,

LOD
f, (kH2) IcC 95% ClI N
1 0.955 0.933 0.972 47
15 0.967 0.956 0.976 92
2 0.985 0.980 0.990 79
3 0.974 0.964 0.981 83
4 0.945 0.926 0.961 89
5 0.945 0.926 0.961 92
6 0.962 0.948 0.973 87
8 0.967 0.950 0.980 47
9 0.957 0.929 0.975 47
10 0.899 0.840 0.942 38
11 0.958 0.925 0.980 23
12 0.936 0.892 0.966 30
13 0.971 0.949 0.986 25
14 0.945 0.866 0.984 10
Total 0.974 0.971 0.977 789

1-14 kHz

N denotes the number of underlying values for the ICC, when DPOAEs were measured
and accepted within an ear for a given stimulus level pair in all seven sessions (out of a
maximum of 200 = 20 ears x 10 stimulus level pairs).

Cl, confidence interval; DPOAES, distortion-product otoacoustic emissions; ICC,
intraclass-correlation coefficient.

< 3kHz, the test-retest reliability of L _(#) tended to be indepen-
dent of L, whereas for decreasing L, the test-retest reliability of
L, and 7> both tended to decrease. For f, > 3kHz, a consistent
dependence of test-retest reliability of L, and L ,(¢) on L, was
not found, whereas the test-retest reliability of 72 decreased at
lower L, up to about 11kHz. For all three metrics, a consis-
tent dependence of test-retest reliability on L, was not found for
Jf,> 11kHz.

Dependence on SNR

The dependence of test-retest reliability on SNR can
be accurately derived from the level L, of the nonlinear-
distortion component that was sampled at a single time point
before the coherent-reflection component builds up. In con-
trast, the DPOAE time course represented by the metrics L ()
and 7%, both of which are calculated from p (f), exhibit a
time-variant SNR due to the varying amplitude of the DPOAE
time course. To analyze the dependency of the test-retest reli-
ability of L on the SNR, ADs were sorted into four SNR
groups: group 1, low-SNR DPOAEs with SNR of < 15 dB
(N =2183); group 2, medium-SNR DPOAEs with 15 < SNR
<20 dB (N = 3146); group 3, high-SNR DPOAEs with 20 <
SNR < 25 dB (N = 2874); group 4, very-high-SNR DPOAEs
with SNR > 25dB (N = 2674). The DPOAE levels were also
divided into three frequency groups (f; = 1 to 3kHz, f, = 4
to 9kHz, and f, = 10 to 14kHz). SNR was defined as the dif-
ference between the level of the nonlinear-distortion compo-
nent and the level of the noise. The noise floor was estimated
as the root-mean-square of the difference between two sub-
sets of the underlying segments from the DPOAE recording
in a 50-ms time-interval centered on the DPOAE response.
Figure 6 shows the test-retest reliability of L for different
SNR and frequency groups presented as boxplots of their
ADs. For each frequency group, the test-retest reliability
of L, increased with increasing SNR. The median of ADs
decreased from 2.21 to 0.87 dB for f; = 1 to 3kHz, from 3.63
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Fig. 5. Dependence of test-retest reliability on L,, as function of f,, based
on the median AD of L (A), the median AD of L (t) (B), and the median
of r2. Data have only been included in the figure when there were at least
10 samples available to estimate a median. Notice that the test-retest reli-
ability of the time course of the DPOAE-envelope pressure, as quantified
by r2, is smaller at low stimulus levels and frequencies up to about 11 kHz.
AD indicates absolute differences; DPOAE, distortion-product otoacoustic
emission.

to 1.60 dB for f, = 4 to 9kHz, and from 4.20 to 1.84 dB for
/f, =10 to 14kHz.

Additional results (such as mean values of ADs) were com-
puted for comparison with the literature and are given in the
Discussion.

DISCUSSION

Three different DPOAE metrics for evaluating the functional
state of the cochlear amplifier were investigated with respect
to their test-retest reliability. (1) The level of the nonlinear-
distortion component L, extracted in the time domain
using onset decomposition, determines the amplitude of the
nonlinear-distortion component at a given time, free of inter-
ference, just before the reflection component starts to interfere.
(2) The time course of the DPOAE-envelope levels, L, (7), on
the other hand, provides the total time course of the DPOAE
signal, including the two main DPOAE components and their
state of interference. (3) The squared, zero-lag correlation
coefficient (7%) between time courses of the DPOAE-envelope
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Fig. 6. Dependence of test-retest reliability on the SNR based on the median AD of L for three frequency ranges, f, = 1-3 kHz (left), f, = 4-9kHz (middle),
and f, = 10-14kHz (right), and four SNR ranges. Boxes: median and IQR from the first to the third quartile. Upper error bars: 90% range (cf. Fig. 4). For each
frequency range, the test-retest reliability improved with increasing SNR. AD indicates absolute differences; IQR, interquartile range; SNR, signal to noise ratio.

pressures measured in two sessions provides evidence for
differences between the time courses of the DPOAE signals,
resulting from inter-session differences between the two main
DPOAE components and their state and degree of interference.
Knowledge of the different DPOAE metrics, their test-retest
reliability, and factors influencing their test-retest reliability
provides a basis for designing tailored measurement protocols
for clinical monitoring applications, such as detecting ototox-
icity and its progression.

The test-retest reliability of L, was found to be in the range
of the test-retest reliabilities of DPOAE levels described in
the literature. Thus, the extraction of the nonlinear-distortion
component of the short-pulse DPOAE signal with onset-
decomposition sampling in the time domain was found to be
not only a time-efficient and precise (Zelle et al. 2017b, 2020;
Bader et al. 2021) but also a stable and highly reliable method.
To the best of our knowledge, there are no studies that have
investigated the stability of pulsed DPOAE time signals or used
DPOAE time courses as a metric for serial measurements.

Sources of Variability in DPOAE Time Signals

Serial monitoring of the functional state of the cochlear
amplifier may be based on single DPOAE responses at cer-
tain frequencies for certain stimulus conditions. Therefore, it
is necessary to know how consistent DPOAESs are over time in
the absence of pathology (McMillan 2014). In general, the test-
retest reliability of DPOAESs may be influenced by (1) fluctua-
tions in the middle-ear transfer characteristics, (2) inadequate
averaging time to reduce the influence of noise, (3) calibration
errors, (4) deficiencies in the DPOAE signal-detection algo-
rithm, and (5) fluctuation in the functionality of the cochlear
amplifier.

Fluctuations in the middle-ear transfer characteristics can
change the amplitude of the DPOAE over time (Avan et al.
2000; Kreitmayer et al. 2019). This confounding factor can be
addressed, amongst others, by individual DPOAE level maps
that represent the DPOAE amplitude as a function of the stimu-
lus levels L, and L, and, therefore, automatically account for the

middle-ear transfer function. In this study, L, values were mainly
assigned from individual optimal-path parameters derived from
the corresponding individual DPOAE level maps obtained dur-
ing the first measurement session (Zelle et al. 2020). Therefore,
theoretically, some variability could have been due to differ-
ences in middle-ear transmission across sessions.

Clearly, increasing the DPOAE level increases the SNR
as the contribution of the noise to the DPOAE amplitude
becomes negligible and the measured DPOAE level repre-
sents the true DPOAE level (Whitehead et al. 1993; Beattie &
Ireland 2000). The test-retest reliability of L, improved con-
sistently with increasing SNR (Fig. 6). This study suggests a
minimum SNR of 15 dB for the use of L in serial monitor-
ing protocols. Similar recommendations were given in Beattie
and Bleech (2000), Wagner et al. (2008), and Keppler et al.
(2010). Although a higher SNR is, in principle, associated with
higher test-retest reliability, it is important to set moderate lim-
its when establishing a measurement protocol in order to be
able to measure DPOAEs in as many patients as possible. High
SNR limits would possibly exclude low DPOAE emitters. It
would probably be advisable to perform an adaptive screen-
ing test before starting the follow-up measurements in order to
achieve the maximum SNR values that allow the highest test-
retest reliability.

Due to calibration errors, small changes in probe position
can result in DPOAE level shifts at frequencies above 2kHz
(Scheperle et al. 2008; Charaziak & Shera 2017). Maxim et al.
(2019) compared the effect of conventional SPL-based stimulus
calibration, based on the total SPL measured at the probe micro-
phone, and forward-pressure-level (FPL) stimulus calibration,
with OAEs expressed in either SPL or emitted pressure level
(EPL), on the test-retest reliability. The FPL/EPL calibration
approach produces an average improvement in test-retest reli-
ability of 0.5 to 2.0 dB relative to the SPL approach, and DPOAEs
with greater intra-subject variability are associated with stron-
ger FPL/EPL benefits (Maxim et al. 2019). The use of in-the-ear
pressure calibration for the short-pulse acquisition in the pres-
ent study, instead of an FPL stimulus calibration technique with
DPOAEs expressed in EPL, represents a limiting factor. For
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J, = 1to 14kHz, a moderate correlation between the ADs of L |
and of calibrated SPLs was detected (Spearman’s correlation
coefficient » = 0.303, p <0.001, N =27,481). Dividing the ADs
into frequency ranges, we calculated for the lower frequencies
J, = 1to 3kHz a low correlation (Spearman’s correlation coef-
ficient » =0.130, p < 0.001, N = 9452), for the mid frequencies
Jf, =4 to 10kHz a moderate correlation (Spearman’s correlation
coefficient » = 0.334, p <0.001, N = 13,573) and for the higher
frequencies f, = 11 to 14kHz a rather low to moderate correla-
tion (Spearman’s correlation coefficient » = 0.200, p < 0.001,
N =4456). The higher correlation coefficients in the 4 to 14kHz
region might be caused by SPL-calibration errors in our serial
measurements, notwithstanding our efforts to maintain similar
ear-probe fit transfer functions across probe placements for
each test session (see Materials and methods).

Dependence of the Test-Retest Reliability on Stimulus
Frequency f, and Stimulus Level L,

At low frequencies, f, = 1 to 3kHz, the test-retest reliabilities
of L, and L (#) were significantly better by about 1 dB than
those for mid or high frequencies. Similarly, > showed higher
test-retest reliability at low frequencies than at mid frequencies.
In contrast with L, and L (#) at high frequencies, 7* showed
a relatively high test-retest reliability. Relatively low test-retest
reliability has been described for high frequencies such as f, =
5kHz (Wagner et al. 2008), f, = 6kHz (Reavis et al. 2015), and
J, = 8kHz (Keppler et al. 2010). Low test-retest reliability at fre-
quencies above 8 kHz may be associated with calibration errors
due to different probe placements in the ear canal (Charaziak
& Shera 2017). In the present study, for f, = 4 to 10kHz, the
test-retest differences of L correlated moderately with the
test-retest differences of calibration levels, but for higher fre-
quencies f, = 11 to 14kHz the correlation decreased. Thus, cali-
bration errors may only explain part of the variability of L in
the mid frequencies and an even smaller part of the variability at
higher frequencies. The trend for poorer test-retest reliability at
higher frequencies is also described in studies using advanced
calibration techniques with average ADs between 3 and 4 dB for
J, =12 to 16kHz, as for example in Dreisbach et al. (2018) and
Maxim et al. (2019).

In the present study, a statistically significant increase of test-
retest reliability of L, L (#), and 7* at higher stimulus levels L,
was not found for all £, (1 to 14kHz) and L, (25 to 80 dB SPL),
although in general, the test-retest reliability of these metrics
appeared to increase at higher stimulus levels. The most con-
sistent observations were (1) the test-retest reliability of L (7)
was approximately independent of Z, up to 3kHz, and (2) the
test-retest reliability of 7> tended to increase with increasing L,
for frequencies up to 11kHz. An inhomogeneous dependence of
the test-retest reliability on L, has been described in the litera-
ture without consistent dependence on L, (Franklin et al. 1992)
and with varying degrees (Beattie & Bleech 2000; Wagner
et al. 2008; Stuart et al. 2009; Keppler et al. 2010; Maxim et al.
2019). When recording a DPOAE at a low stimulus level L,
the concomitant low DPOAE response with a low-SNR may
be compromised by the noise floor, which may impact on the
detection of the DPOAE signal (Whitehead et al. 1993) and,
therefore, may result in low test-retest reliability.

In the present experiments, one explanation for an incon-
sistent relationship between L, and the DPOAE test-retest

reliability might be that optimal L, L, stimulus-level pairs
were not used at some stimulus frequencies in some subjects.
Suboptimal stimulus-level pairs can eventuate if an online
DPOAE map were to have been classified as invalid. Then,
since the optimal level parameters were sought only in the first
session, suboptimal pairs are likely to have been carried over
to the subsequent sessions. As another possibility, although
remote in normal-hearing subjects, suboptimal values might
have developed in later sessions due to changes in middle-ear
transmission.

Comparison with the Literature

Comparisons with other studies should be viewed with
reservations due to differences in experimental design.
Supplementary Table 2 in Supplemental Digital Content, http://
links.lww.com/EANDH/B413, provides exemplary studies and
areview of repeated DPOAE measurements.

For example, in the study of Beattie et al. (2003), the test-
retest reliability of DPOAE levels was determined using the
“standard error of measurement” (SEM) to calculate the 95%
confidence interval based on measurements made twice within
10 days using continuously applied stimulus tones for f, = 500
Hz to 4kHz in 50 normal-hearing subjects. For the short-term
test-retest reliability, their data suggest that differences between
two DPOAE measurements must exceed 7 dB at 1 to 4kHz to be
considered clinically abnormal and, therefore, requiring further
clarifying diagnostics. The data of the present study (L ,,) would
suggest, in comparison to the study of Beattie et al., based on
the range of ADs for f, = 1 to 4kHz, that a 5-dB test-retest dif-
ference warrants further evaluation (4.72 dB for 90% data range
and 6.12 dB for 95% data range). A study by Wagner et al.
(2008), using continuously applied stimulus-level combinations
chosen according to the algorithm of Kummer et al. (1998),
describes mean ADs of 1.0 dB (SD = 1.4 dB) for f; = 1 to 6kHz
and L, = 20 to 60 dB in immediate re-measurements with the
ear-probe left in place, and of 2.3 dB (SD = 2.5 dB) when the
probe was reinserted within 10 days. In comparison, the present
study (L,,,) showed mean ADs of 2.38 dB (SD = 2.23 dB) for
J,=1to6kHzand L, = 20 to 60 dB SPL, where the probe was
reinserted for each session and the test-retest time difference
ranged from 8 hr to 3 months.

Maxim et al. (2019) described mean ADs between 1 and 3.6
dB for the nonlinear-distortion component of DPOAE, using
swept tones for f, = 0.626 to 16kHz and L /L, = 55/40 and
65/65 dB SPL/dB SPL, based on three test sessions within 3
months for five subjects. In the present study, the mean of the
ADs for L ranged from 1.74 to 3.85 dB for f, = 1 to 14kHz
and L, =40 and L, = 65 dB SPL (the L, values used by Maxim
et al. [2019]), based on seven test sessions over 3 months in 20
ears. The study of Maxim et al. is of special interest as it relies
on a swept-tone method to remove the influence of the DPOAE
coherent-reflection component and, furthermore, averages
DPOAE sweep data across 1/3 octave in order to calculate
an AD. Moreover, it uses an advanced calibration technique,
whereas in the present study an SPL-calibration, although cor-
rected by an artificial ear, was used. There is an additional
key difference between both studies; namely, the measurement
time to record one DPOAE to calculate an AD differs: For the
study of Maxim et al., we estimate an averaging time of 35s
per DPOAE level, whereas our study required approximately
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2.5s to record a single DPOAE signal.* Therefore, in an effort
to compare the test-retest reliability of both methods extract-
ing the nonlinear-distortion component, but without taking
calibration issues into account, we chose mean ADs at f, = 1
to 3kHz and moderate levels of L, = 65 dB SPL from Maxim
et al. that amount to approximately 1 dB, in comparison to
the mean AD for the same stimulus conditions in the pres-
ent study with 1.84 dB (SD = 1.88 dB). Moreover, averaging
four moderate DPOAE levels at a single £, with an SNR above
15 dB, improved the test-retest reliability further to a mean
AD of 1.25 dB (SD = 1.01 dB) or median AD of 0.99 dB. In
other words, the two techniques can yield similar test-retest
reliabilities, but with considerably shorter measurement times
in the case of our short-pulse algorithm.

Thus, seen from a technical viewpoint, the algorithm used
for the extraction of L based on short-pulse stimulation
proved to perform with high reliability, especially considering
the short measurement time of 2.5 s to record one DPOAE sig-
nal. While the extraction of the nonlinear-distortion component
appeared to provide similar test-retest reliability as reported
in the literature for conventional stimulus paradigms, it does
offer more detailed information on the functional state of the
cochlear amplifier from one tonotopic region. Conventional
continuous stimuli cause pronounced interference effects
between DPOAE components of similar size. Then, assuming
that both components are in quadrature or counter phase and
undergo with time slightly different amplitude and/or phase
changes, one can imagine that the test-retest differences of a
DPOAE signal containing both components might increase.
On the one hand, in normal-hearing subjects, our results
based on the reproducibility metric of the time course of the
DPOAE-envelope pressure, 7%, with median > 0.97 at all £, and
L, (Fig. 5), suggest that the relative amplitudes and phases
of the DPOAE components remain stable over a period of at
least 3 months. On the other hand, in patients, pathology might
impact the interference state of the two DPOAE components
and, therefore, differential information on the time course of
both DPOAE components may become important in future
clinical studies.

*In Maxim et al. (2019), OAE measurement time for one session com-
prising test blocks A and B was reported to be approximately 40min,
with a short break of 5 to 10 min between blocks A and B. Thus, we esti-
mate that OAE measurement time for one block required 20 min, and the
time between two measurements of the same condition was 30 min (time
per block plus break). Within one block, eight conditions were tested
(DPOAE, SFOAE, different calibration methods, two levels), reducing the
measurement time for one condition to 2.5min or 150s. Dividing by 13
frequencies, the measurement time per DPOAE level to calculate one AD
would be 11.5s. Then, Maxim et al. presented three sweeps serving differ-
ent frequency bands simultaneously. Therefore, the measurement time for
collecting one DPOAE level to calculate one AD is estimated to be 34.5s
(the underlying assumption being that measurement time was allocated
equally to SFOAEs and DPOAE:s). For the present study, using short-
pulse stimulation, the measurement time required at one DPOAE level
to obtain an AD was (only) approximately 2.5 s (depending on frequency,
cf. Material and methods). Note that for a multi-frequency short-pulsed
stimulus paradigm, the possibility of measuring sufficiently wide-spaced
frequency bands simultaneously, as did Maxim et al., is generally straight-
forward to implement. However, when doing so, possible masking effects
must be ruled out meticulously, especially for unfavorable hearing-loss
configurations.

Value of Advanced DPOAE Techniques for Clinical
Application and Research

In clinical settings, DPOAEs are primarily utilized as a
rapid test for assessing cochlear function, offering a dichoto-
mous diagnosis of cochlear impairment. However, these
standard DPOAE protocols are generally confined in their fre-
quency range and exhibit limited specificity and sensitivity,
making them susceptible to false positives (Gorga et al. 1997;
Zelle et al. 2017a). In research, considerable progress has been
achieved through the development of advanced DPOAE tech-
niques, aimed at providing a more accurate and comprehensive
assessment of cochlear function and its relation to underlying
pathologic conditions. Unlike conventional continuous tones
used in clinical routine, DPOAE techniques in research settings
often use stimuli specifically designed to align with the sound
processing capabilities of cochlear mechanics, such as chirps
or tone pulses. Advanced measurement paradigms typically
incorporate extended protocols that scan the cochlea using
multiple variations of stimulus parameters (Poling et al. 2019;
Stiepan et al. 2022), combine stimulus frequency otoacoustic
emission (SFOAE) and DPOAE measurements (Abdala et al.
2021; Stiepan et al. 2023), use enhanced calibration techniques
(Charaziak & Shera 2017; Maxim et al. 2019; Abdala et al.
2022; Garastro et al. 2023), utilize specific signal-processing
methods, such as time-frequency decomposition (Moleti et al.
2012) or use least-squares fitting to mathematical models
(Long et al. 2008).

Although various studies have yielded promising results, the
adaption of advanced methods from laboratory to clinical prac-
tice has been quite limited to date. For instance, enhanced cali-
bration techniques and the use of swept-tone or pulsed DPOAEs
are not widely accessible to audiologists and physicians; they
are predominantly available only through specialized scien-
tific measurement equipment. One major reason for this slow
transition may be attributed to the increased measurement time
that accompanies current advanced DPOAE techniques. For
instance, pulsed DPOAE stimulation inherently has a reduced
duty cycle as compared with continuous-tone stimulation.
Swept-tone DPOAE techniques expand the measured stimulus-
frequency space by filling in information between the audiomet-
ric frequencies customarily used clinically. These characteristics
inevitably compete against time-efficiency requirements of clin-
ical and outpatient routines.

To address these challenges and the shortage of suitable
medical devices, several research groups have been continu-
ously refining advanced DPOAE measurement paradigms.
These enhancements aim to increase efficiency while also pro-
viding a deeper insight into cochlear mechanics. For instance,
recent developments in swept-tone DPOAE protocols have
enabled DPOAE recordings up to 20kHz (Stiepan et al. 2022).
In addition, significant reductions in measurement times have
been achieved by concurrently presenting chirps at multiple fre-
quency pairs (Glavin et al. 2023).

Similarly, pulsed DPOAEs have evolved from a creative
tool initially developed to determine signal onset and latency
(Whitehead et al. 1996) and to examine or reduce the DPOAE
fine structure (Talmadge et al. 1999; Vetesnik et al. 2009; Zelle
et al. 2017b). They have now become an efficient paradigm that
enables the analysis of DPOAE growth without the artifacts typ-
ically resulting from two-source interference (Zelle et al. 2015),
significantly decreasing the error of EDPTs when related to
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behavioral thresholds in normal-hearing and hearing-impaired
subjects (Dalhoff et al. 2013; Zelle et al. 2017c¢).

This advancement has been facilitated by using binaural
short stimulus pulses in pulse trains and automated analysis of
DPOAE time signals, as demonstrated in the present study. This
approach enables efficient DPOAE source separation, reduc-
ing measurement time to 6 min for binaural recording of 140
DPOAE:s per ear. For currently used clinical DPOAE test proto-
cols, which involve a much smaller stimulus space, this equates
to a measurement duration of approximately 30 to 60s. Further
measurement-time reductions are possible through the simul-
taneous presentation of multiple frequency pairs and tailoring
SNR requirements to specific clinical tasks. In addition, the
discrete nature of pulsed stimuli facilitates the use of adaptive
frequency- and level-scanning techniques, which can further
decrease the number of DPOAEs required for recording.

Pulsed DPOAEs are a versatile tool for investigating the
state of the cochlear amplifier, as they provide a comprehen-
sive time course of the DPOAE, encompassing the two main
DPOAE components and their state of interference. There have
been promising reports indicating differential effects on both
DPOAE components in relation to pathological conditions, such
as endolymphatic hydrops (Stiepan et al. 2023) and ototoxic
(Poling et al. 2019) or noise-induced cochlear damage (Poling
et al. 2022). Furthermore, pulsed DPOAEs provide additional
insights through the parameters 7> and L, as introduced in
the present study. The current algorithm could be augmented
by DPOAE latency measurements, which are directly derivable
from the short-pulse DPOAE time course. Latency has been
shown to convey information about the frequency selectivity
of auditory signal processing (Sumner et al. 2018), and might
well turn out to become a useful predictor of speech recogni-
tion deficits in the future. In general, a multimodal analysis that
incorporates multiple parameters relating to the functional state
of the cochlear amplifier could potentially reduce the risk of
misleading diagnostic information. This is particularly relevant
in serial monitoring, such as during ototoxic treatment or in the
course of regenerative therapy.

The already validated achievements of advanced DPOAE
techniques in research, such as pulsed DPOAE or swept-tone
DPOAE, yield enhanced accuracy and separation of the two
major OAE generation processes. The enhanced accuracy
reduces the likelihood of erroneous clinical conclusions about
the functional state of the cochlea. Furthermore, together with
the potential of future validations of differential diagnostic
capabilities by gathering independent information on both OAE
sources—for example, the level dependence of their amplitudes
and latencies—make it highly probable that the one or the other
technique will enter the clinical stage soon. What remains to be
addressed, however, is the development or choice of sufficiently
efficient protocols tailored to specific clinical pathologies, and
their validation in large patient groups.

CONCLUSION

The results of the present study support our hypothesis
that pulsed DPOAE time signals show a high test-retest reli-
ability for (1) the nonlinear-distortion component level L, (2)
the time course of the DPOAE-envelope levels L (), and (3)
the squared, zero-lag correlation coefficient (7%) between time
courses of the DPOAE-envelope pressures measured in two

sessions. To date, there is no international standard on how
to use DPOAE in serial monitoring programs (Clemens et al.
2019). Establishing standard clinical DPOAE protocols for
serial monitoring programs using large multicenter studies is
complicated by the different stimulus parameters and DPOAE
signal-processing techniques used in different clinics and
research centers.

On the basis of the current state of the literature and with
the knowledge gained from this study on the test-retest reli-
ability of pulsed DPOAE timing signals, we propose a DPOAE
protocol for future serial monitoring applications that takes
into account the following factors: (1) separating the two main
DPOAE components and if feasible representing their state
of interference, (2) using individual optimal stimulus param-
eters, (3) realizing an SNR of at least 15 dB, (4) implement-
ing a pressure calibration procedure that reduces calibration
errors, (5) considering frequency-specific and if applicable
level-dependent test-retest reliabilities and their correspond-
ing reference ranges, and (6) focusing on stimulus levels L,
that are as low as possible with sufficient SNR to capture the
nonlinear functional state of the cochlear amplifier operating
at its highest gain.

The pulsed DPOAE method is a very promising tool for
serial monitoring as it not only can readily satisfy the earlier-
mentioned requirements but also is time-efficiently applicable
in patients. Pulsed DPOAE time signals provide the possibil-
ity of measuring at discrete points with respect to frequency
which might make them more flexibly applicable as compared
with, for example, chirp-evoked DPOAEs. Nevertheless,
implementing automated and standardized DPOAE signal
processing and component extraction based on pulsed DPOAE
is a sophisticated task (Whitehead et al. 1996; Vetesnik et al.
2009; Dalhoff et al. 2013; Zelle et al. 2020). However, pulsed
DPOAE time signals simultaneously depict both principal
components of the DPOAE signal—the nonlinear-distortion
component and the coherent-reflection component. As empha-
sized by others (Abdala et al. 2022), information about changes
in the time courses of these two components might improve
their diagnostic value in serial screening for ascertaining
the functional state of the cochlear amplifier in response to
endogenous and exogenous factors. On the basis of the present
results, it appears advantageous to consider r* simultaneously
with the L. Their use provides additional information about
the functional state of the cochlear amplifier, which minimizes
the risk of false negative/positive results regarding the ques-
tion of whether there is an actual change in the functional state
of the cochlear amplifier.
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