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Abstract

The human auditory system is exceptional at comprehending an individual speaker even in complex acoustic
environments. Because the inner ear, or cochlea, possesses an active mechanism that can be controlled by
subsequent neural processing centers through descending nerve fibers, it may already contribute to speech
processing. The cochlear activity can be assessed by recording otoacoustic emissions (OAEs), but employing
these emissions to assess speech processing in the cochlea is obstructed by the complexity of natural
speech. Here, we develop a novel methodology to measure OAEs that are related to the time-varying harmon-
ic structure of speech [speech-distortion-product OAEs (DPOAEs)]. We then employ the method to investigate
the effect of selective attention on the speech-DPOAEs. We provide tentative evidence that the speech-
DPOAEs are larger when the corresponding speech signal is attended than when it is ignored. Our develop-
ment of speech-DPOAEs opens up a path to further investigations of the contribution of the cochlea to the
processing of complex real-world signals.

(s )

Real-world environments, such as a loud pub or restaurant, are often noisy. The detection of sound occurs
in the inner ear, which also possesses an active mechanism to mechanically amplify sound vibrations.
Because the active mechanism can be regulated by the nervous system, it may already play a part in analyz-
ing complex acoustic scenes. However, investigations of these questions have been hindered by a lack of
experimental tools to assess the inner ear’s activity in relation to speech processing. Here, we develop a
method to record otoacoustic emissions (OAEs) that relate to the harmonic structure of speech, a key fea-
ture of many speech parts. We use the novel tool to provide tentative evidence that the inner ear contributes
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Introduction

Humans have a remarkable ability to selectively listen to
one of several competing speakers and understand them
despite the interfering voices. The cognitive processes in-
volved in these tasks are typically attributed to the audi-
tory cortex that receives its inputs from lower-level neural
processing centers. However, extensive feedback loops
exist between the lower-level structures and the cortex.
In particular, descending efferent nerve fibers transmit
information from the auditory cortex to the superior oli-
vary complex and to the cochlear nuclei, and through the
olivocochlear bundle from the superior olivary complex
to the inner ear (Pickles, 1988; Huffman and Henson,
1990; Winer et al., 1998).
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The inner ear, or cochlea, detects sound vibrations by
transducing them into electrical signals in the auditory
nerve. However, the inner ear also aids the processing of
sound. It spatially separates the different frequency
components of a complex tone: high frequencies cause
maximal vibration near the base of the organ and lower
frequencies are detected at progressively more apical
locations (Pickles, 1988; Robles and Ruggero, 2001;
Reichenbach and Hudspeth, 2014). This spatial fre-
quency decomposition is aided by an active process
that mechanically amplifies weak signals, and thereby
boosts the frequency selectivity. As a characteristic of
the active process, the vibration amplitude at the peak
location depends on the sound intensity in a compres-
sively nonlinear manner.

The active process is mediated by the inner ear’s me-
chanosensitive outer hair cells. These cells are inner-
vated by one of two types of the olivocochlear fibers, the
medial ones. Activation of the medial olivocochlear
(MOC) fibers can reduce the mechanical amplification
provided by the outer hair cells (Guinan, 2006; Lopez-
Poveda, 2018). Because each MOC fiber is tuned to a
narrow frequency band, and because the innervation of
the inner ear by these fibers displays a tonotopic ar-
rangement, the reduction of cochlear amplification can
potentially vary with frequency (Liberman and Brown,
1986; Brown, 1989; Lilaonitkul and Guinan, 2012).
Computational models of the inner ear and efferent
feedback have shown that the efferent feedback can
contribute to speech processing through frequency-
specific modulation of its mechanical activity (Messing
et al., 2009; Clark et al., 2012). Experimental verification
of such an effect remains, however, lacking.

The strength of the mechanical amplification in the
cochlea, as well as its regulation through efferent feed-
back, can be assessed through distortion-product otoa-
coustic emissions (DPOAEs). A by-product of the active
process’ compressive nonlinearity, DPOAEs are typically
elicited by two pure tones of nearby frequencies f; and fs,
and emerge in particular at the cubic distortion product
frequencies 2f; — f, and 2f, — f;. By convention, the two
primary frequencies are chosen such that f; < f,. The
cubic distortion product 2f; — 5 is then below the two pri-
mary frequencies and is referred to as the lower-sideband
distortion product. Conversely, the upper-sideband dis-
tortion product 2f, - f4 is higher than f; and f>.

Because of efferent feedback, DPOAEs from one ear
are suppressed when stimulating the other ear with noise
[MOC reflex (MOCR); Guinan, 1996, 2006]. However, an
investigation of the role of efferent feedback for speech
processing has been hampered by the complexity of
speech. As opposed to the pure tones used for DPOAE
measurements, speech is a broad-band, time-varying,
and non-stationary signal, which obstructs an assess-
ment of cochlear responses.

An important feature of speech is its harmonic struc-
ture. Many parts of speech are voiced, that is, they arise
from vibration of the vocal folds. The vibration occurs at
a fundamental frequency, typically between 100 and
300 Hz, and the resulting speech signal is dominated by
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that frequency as well as its higher harmonics. Neural
activity in subcortical areas phase lock to this harmonic
structure (Galbraith et al., 1995; Russo et al., 2004;
Skoe and Kraus, 2010), and we have recently shown
that these neural responses are modulated by selective
attention to speech (Forte et al., 2017; Etard et al.,
2019). Importantly, the attentional modulation of the
brainstem response only emerged systematically when
measuring it in response to running speech, while re-
sponses to short tones such as single vowels yielded
inconclusive results (Galbraith et al., 1998; Choi et al.,
2013; Lehmann and Schonwiesner, 2014).

Because of efferent feedback, the cochlear activity re-
lated to the harmonic structure of speech may already be
modulated to aid its processing. In particular, the cochlear
activity at locations that do not correspond to the harmon-
ics of a speech signal might be reduced, which could help
to reduce background noise. Computational modeling
shows that such modulation of cochlear activity that de-
pends on the cochlear location and therefore affects dif-
ferent frequency bands of the encountered sound
differently can indeed aid with sound processing (Clark et
al., 2012).

To investigate this issue, we develop a method to
monitor the inner ear’s activity related to speech
through DPOAEs that are matched to the harmonic
structure (speech-DPOAEs). We then show that the
speech-DPOAEs can be employed to investigate the
role of the efferent feedback to the inner ear in selec-
tively attending to one of two continuous speech sig-
nals, an ecologically highly relevant scenario.

Materials and Methods

Participants

A total of 24 healthy young volunteers (14 female, 10
male) aged between 18 and 26 years were recruited. All
subjects were native English speakers and had no his-
tory of hearing or neurologic impairments. The experi-
mental procedures were approved by the local Ethics
Committee, and were performed in accordance with all
relevant guidelines and regulations. Informed consent
was obtained from all participants.

Test environment

All testing was conducted in a sound-proof and semi-
anechoic room. A personal computer (PC) controlled the
audio presentation and data acquisition. Experiments
were automated and instructions were presented to sub-
jects through the PC; when prompted, subjects submitted
responses using a keyboard. Sound stimuli were pre-
sented at a sampling frequency of 44.1 kHz through a
high-performance sound card (RME Fireface 802) and de-
livered by an extended-bandwidth otoacoustic measure-
ment system (ER10X, Etymotics) through probes placed
in both ears of a subject. Each probe contains a micro-
phone and three speakers which allow for a simultaneous
presentation of the acoustic stimuli and the measurement
of the acoustic emissions generated by the inner ear.
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Figure 1. The waveforms used to elicit and detect speech-DPOAEs. A, B, The spectrogram of the voiced parts of a male speech
signal (A) or a female speech signal (B) shows the harmonic structure, with a fundamental frequency and many higher harmonics
(note that the colormap represents lower power as dark and higher power as white). C, D, The waveforms used to elicit and to de-
tect the speech-DPOAEs to the male voice (C) and to the female voice (D). A, C, We measure speech-DPOAEs related to the male
voice by constructing waveforms wy(t) (red line) and w1+ (t) (purple line) that oscillate at the 9th and 11th harmonics of the funda-
mental frequency of the speech signal, respectively. The lower-sideband speech-DPOAE then emerges at the 7th harmonic and is
measured through cross-correlation with the corresponding waveform w-(t) (dashed red line). B, D, The speech-DPOAEs related to
the female voice are elicited by waveforms wg(t) (red line) and wg(t) (purple line) that correspond to the 6th and 8th harmonics. The
speech-DPOAE is found at the 4th harmonic, we measure it through the waveform wy(t) (dashed red line). E, In our experiment, we
presented subjects with speech stimuli to the left ear. The speech stimuli were either a single voice or two competing voices, a male
and a female one. Two waveforms wj,(t) and w,(t) that were derived from one of the speech stimuli were presented to the right ear.
The microphone signal r(t) was recorded from the right ear as well, and the speech-DPOAE was derived from this recording.

OAEs were recorded through this system from the right  contralateral and not to the ipsilateral ear (Fig. 1E). We
ear, at the same sampling rate. thereby tested whether attention to one of two speakers

Because OAEs are very faint signals and easily masked  presented to the left ear would affect cochlear activity
by other sounds, we presented the speech signals to the  contralaterally.
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Sound intensity was calibrated with an ear simulator
(type 4157, Briel & Kjeer). The ER-10X instrument comes
with a supply of single-use eartips that fit a variety of ear
canal sizes. Precaution was taken to ensure the selection
of an appropriate size for each participant and a correct
fitting of the probe, as the eartip must seal the ear canal.

Generation and measurement of speech-DPOAEs

We sought to measure DPOAEs related to the tem-
poral fine structure of speech. We thereby used con-
tinuous natural speech that we obtained by recording
a male and female speaker reading a story. The male
voice had a fundamental frequency of 105 = 6Hz
(mean = SD), while the female voice had a fundamental
frequency of 172 = 10Hz (mean * SD). For a given
voiced part of a speech signal, we therefore computed
a fundamental waveform wy(t), that is, a temporal sig-
nal that varied at each time point t at the fundamental
frequency fy(t) of the speech at that moment. The fun-
damental waveform was obtained from bandpass fil-
tering the speech around the fundamental frequency.
The latter was determined using the speech-analysis
software package PRAAT (Boersma, 2002). The band-
pass filter was a zero-phase sixth order IIR filter. The
filter passbands were 0.5 SD above and below the
mean fundamental frequency. For the non-voiced
parts of a speech signal, the fundamental waveform
was zero. We confirmed that the filter did not introduce
any delays.

From the fundamental waveform we then obtained
further waveforms whose instantaneous frequencies
matched the higher harmonics of the fundamental fre-
quency. In particular, we obtained the waveform wj,(t)
that corresponded to the nth harmonic of the funda-
mental frequency by applying a Hilbert-transform fre-
quency shifter to the fundamental waveform wg(t)
(Wardle, 1998). To this end, we first determined the ana-
lytical representation of the fundamental waveform
wo(t), using the Hilbert transform Hwq(t)]:

Wo(t) = wo(t) +1i - H[wg(1)]. (1)

We then used the analytical representation to obtain a
waveform whose instantaneous frequency was n-fold that
of the fundamental waveform:

Wi(t) = |Wo(t)|cos(arg[Wo(t)] +n). @

We employed the waveforms that corresponded to
the higher harmonics to elicit, as well as to measure,
the speech-DPOAEs. We stimulated the ear of a sub-
ject with two waveforms wp,(t) and wp(t) that tracked
the mth and nth harmonics of the fundamental fre-
quency, with m smaller but not much below n (Fig. 1E).
The instantaneous frequencies of these two wave-
forms at time t were mfy(t) and nfy(t). They therefore
elicited cubic distortion at the instantaneous frequen-
cies (2m — n)fy(t) and (2n — m)fy(t) that corresponded
to the frequency range of the waveforms wyy,_n(t) and
W2n7m(t)-
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This approach enabled us to assess cochlear activity at
frequencies, and therefore at cochlear locations, that cor-
responded to the harmonic structure of speech. A tradi-
tional approach using constant primary frequencies f; and
f», in contrast, would not have allowed to track cochlear
activity at the temporally-varying harmonic structure.

However, regarding the analysis of the speech-DPOAE,
the nonstationary nature of speech and the waveforms
that we derived from it meant that we could not employ
power spectra to identify the emissions. Instead, we em-
ployed a cross-correlation approach in which we com-
pared the microphone recording with the expected cubic
distortion waveforms that we computed from the speech
signals as well, wop,_n(t) and wa,_m(1).

In our analysis, we focused on the lower sideband speech-
DPOAE at the instantaneous frequency (2m — n)fy(t), as the
lower sideband cubic DPOAE is the strongest in human ears
(Probst et al., 1991). We measured this speech-DPOAE by
cross-correlating the microphone recording r(t) (Fig. 1) with
the waveform (2m — n)fy(t). Because the speech-DPOAE
could have a phase shift with respect to the waveform
Wom-n(t), we interpreted this cross-correlation as the real
part of a complex cross-correlation C(7) that depended on
the delay 7. The imaginary part of this complex cross-correla-
tion was computed as the cross-correlation of the micro-
phone recording with the Hilbert transform of the waveform
Waom_n(t). The complete complex cross-correlation thus fol-
lowed as

00

C(T) = N/r(t + T){Wmen(t) + iH[Wmen(t)]}dt: (3)

—00

in which i denotes the imaginary unit and H[wap,_n(t)] is
the Hilbert transform of way,_n(t). The normalization co-
efficient N is determined such that the auto cross-corre-
lations at zero lag equal 1. The delay of the speech-
DPOAE could then be obtained from the delay at which
the amplitude of C(r) peaked, and the phase shift fol-
lowed from the phase of C(7) at that latency. We had
previously developed a similar procedure to detect the
brainstem response at the fundamental waveform of
speech at a particular delay and phase shift (Forte et al.,
2017).

DPOAEs are strongest for a ratio of the two primary fre-
quencies of ~1.2 (Abdala, 1996). They are easiest to mea-
sure for primary frequencies of ~1kHz or higher (Probst
et al,, 1991). We followed these recommendations and
chose harmonics that were in this range. This additionally
allowed us to make comparisons between pure-tone
DPOAEs and speech-DPOAEs. For the male voice, we
therefore employed the 9th and 11th harmonics, that is,
the waveforms wy(t) and w44(t) (Fig. 1A,C). The lower-
sideband speech-DPOAE emerged accordingly in corre-
lation to the waveform wz(t), and had a frequency of
735 + 26 Hz (mean = SD). For the female voice, we used
the 6th and 8th harmonics, that is, the waveforms wg(t)
and wg(t) (Fig. 1B,D). The lower-sideband speech-
DPOAE was then at the 4th harmonic (w4(t)), with a fre-
quency of 692 + 31 Hz (mean = SD).
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The different harmonics of the fundamental frequency
that we employed for the male and for the female
speech fell into two classes, resolved and unresolved.
Because of the cochlea’s logarithmic mapping between
spatial location and best frequency, only the lower har-
monics are resolved. The upper limit for resolved har-
monics is considered to be the 9th (Micheyl and
Oxenham, 2007). The harmonics of the fundamental fre-
quency of the female speaker were therefore more re-
solved than those of the male speaker.

Experimental design

We first measured pure-tone DPOAEs from the sub-
ject’s right ear. We therefore employed primary frequen-
cies of f{ = 1 kHz and f, = 1.2 kHz that were presented at
60-dB SPL for a duration of 30 s.

We then measured speech-DPOAEs while subjects lis-
tened to speech both in isolation and in noise. To this
end, we employed different speech segments, all of
which lasted 2 min. Some speech segments consisted
only of the male or of the female voice, while others had
both voices mixed together. The speech-DPOAEs were
always measured from the right ear. To increase the sig-
nal-to-noise ratio of the recorded OAEs, the speech
stimuli where not applied to the right ear as well, but ex-
clusively to the left ear. Because the MOCR pathway is
crossed, stimulation of a given ear can also modulate
the contralateral inner ear activity. Selective attention to
one of two speakers heard in a given ear may similarly
modulate the activity of the contralateral cochlea, and
thus modulate the speech-DPOAEs recorded from that
ear. The speech segments were presented at 60-dB
SPL, and the waveforms to elicit the speech-DPOAEs at
a somewhat lower intensity of 57-dB SPL. The inten-
sities were chosen to avoid evoking the middle-ear
muscle reflex, as well as to enable subjects to focus on
the speech signals without being distracted by the
speech-DPOAE measurement.

We first familiarized the subject with the speech-DPOAE
measurement and with the attention task. To this end sub-
jects were presented with a speech stimulus that contained
both the male and the female voice. Speech-DPOAEs re-
lated to the male speech were simultaneously elicited in the
contralateral ear. The subject was instructed to listen to the
male speaker and to ignore the female speaker. To verify at-
tention, the subject then answered three comprehension
questions regarding the male speech. This was then re-
peated, but subjects were asked to attend the female
speech, while speech-DPOAEs related to the female voice
were elicited.

We then measured speech-DPOAEs to speech in isola-
tion. To this end, we employed one speech stimulus that
consisted of the male voice, as well as another stimulus
that contained the female voice. Each stimulus was fol-
lowed by three comprehension questions.

The potential influence of selective attention to speech
on the speech-DPOAEs was then assessed. We em-
ployed 12 segments with competing speech, that is, seg-
ments that contained both the male and the female voice.
During each segment the subject was asked to attend
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either the female or the male speaker. Speech-DPOAEs
related to either the male or the female speaker were
measured from the contralateral ear. The segment was
then presented again. The same speech-DPOAEs were
measured, but the subject was asked to attend the other
speaker. The attended and ignored segments were
therefore paired. In this way we obtained three record-
ings of speech-DPOAEs to the male voice, both when
that voice was attended and when it was ignored.
Analogously we measured speech-DPOAEs to the fe-
male voice for three speech segments, both when the
female voice was attended and when it was ignored.
After each speech segment the subject answered three
comprehension questions. The order of the attentional
focus, as well as the order in which speech-DPOAEs to
the male and the female voice were measured, was de-
termined randomly per subject.

Preprocessing and analysis of OAEs

The pure-tone DPOAEs were first analyzed using a
power spectrum of the microphone recording. The
noise floor of the recording was computed from the
spectral amplitudes within 30-70Hz to each side from
the DPOAEs. A pure-tone distortion product was con-
sidered to be significant if the DPOAE amplitude was
larger than the 95th percentile of the noise.

Second, the pure-tone DPOAEs were processed in a
manner that was comparable to the speech-DPOAEs. For
this purpose, a sinusoidal waveform at the frequency of
the lower sideband distortion product of 800 Hz was cre-
ated. This waveform was then cross-correlated with the
microphone recording following Equation 1. The envelope
of the complex cross-correlation was smoothed with a
moving-average filter of 199 samples. The noise level was
computed by following the same procedure but using the
unrelated nearby frequency of 900Hz. The pure-tone
DPOAEs was considered to be significant if the peak cor-
relation amplitude in the range 0-7 ms was larger than the
95th percentile of the noise.

For computing speech-DPOAEs, the first and last
three seconds of each recording were removed to elimi-
nate transient activity. The envelope of the complex
cross-correlation (1) was smoothed with a moving-aver-
age filter of 199 samples. To determine the equipment
delay, the recording was also cross-correlated with the
eliciting harmonics; the delay of the maximum correla-
tion corresponded to the equipment delay. The record-
ings were compensated for this equipment delay.

The noise level of the speech-DPOAEs was determined
as the 95th percentile of the amplitudes of the complex
cross-correlation (1) in the temporal regions of —750 to
—70 and 70 to 750 ms. A speech-DPOAE was considered
to be significant if the peak amplitude of the complex
cross-correlation (1) in the range of delays between 0 and
7 ms was larger than the noise level.

Comprehension scores
Speech comprehension was assessed through multi-
ple-choice questions. The questions came in two formats:
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60% of them had four possible answers, and the remain-
ing 40% of questions had two possible answers. The
comprehension score of a subject was computed as the
proportion of correct answers to the questions posed dur-
ing the selective attention task. Two participants did not
score above the chance level.

Attentional modulation of the speech-DPOAEs

We analyzed the effect of selective attention on both
the amplitude and the latency of the speech-DPOAEs. We
performed this analysis for each of the three segments of
pairs for which we recorded speech-DPOAEs related to
the male voice, as well as for each of the three segments
of pairs for which speech-DPOAEs related to the female
voice were measured.

Denote by r,(v‘,w the peak amplitude of the speech-
DPOAE related to the male voice when that voice was at-
tended, and by r,(\y the peak amplitude of the speech-
DPOAE related to male voice when that voice was
ignored. We then defined the relative attentional modula-
tion of the speech-DPOAE related to the male voice as
the difference between the two amplitudes, divided by the

(A) _ )
—r
average amplitude: Ay =2 M A positive relative
(AL D
M v

attentional modulation signified a larger speech-DPOAE
related to the male voice when it was attended, and a
negative value implied a larger response when the male
voice was ignored. Analogously, we defined the peak am-

plitudes r(FA) and r(F’) of the speech-DPOAE related to the
female voice when this voice was attended respectively
ignored. These coefficients yielded the relative attentional
modulation of the speech-DPOAE related to the female

_ (A) _ rﬁ-’)
voice, Ar = 27#)“}:” .

The relative attentional modulation of the speech-
DPOAE related to the male voice was computed for all
three corresponding recordings separately, that is, for the
three pairs of recordings in which the participants once
attended the corresponding speaker and once ignored
them. We then averaged the obtained coefficients to ob-
tain a single value per subject. The same procedure was
employed for the relative attentional modulation of the
speech-DPOAE related to the female voice.

To test the attentional modulation at the level of individ-
ual subjects, we split each of the recording segments into
10 consecutive intervals and computed the correspond-
ing speech-DPOAEs. For each interval, we determined
the amplitude of the speech-DPOAE at the latency of the
peak amplitude of the corresponding segment. For each
pair of the intervals, with one interval corresponding to the
task of attending the male voice and the other interval re-
lated to the task of attending the female voice, we then
computed the relative attention modulation coefficient, ei-
ther Ar or Ay, depending on which speech-DPOAE was
measured. We then performed one-sided t tests on all the
obtained modulation coefficients Ar from a given subject
to determine whether the relative attentional modulation
with respect to the female voice was significantly above
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zero. Analogously, we conducted one-sided t tests on the
coefficients Ay, to establish their statistical significance at
the level of individual subjects.

To assess the potential modulation of the latency
through selective attention, we computed the difference
in the latency of the speech-DPOAE when the corre-
sponding speech was attended and when it was ignored.
The difference was computed for each of the three corre-
sponding stimuli separately, and the average of the differ-
ences was taken subsequently.

Exclusion of subjects and statistical analysis

We performed statistical tests both regarding amplitude
and latencies of the speech-DPOAEs when speech was
presented in isolation, as well as regarding the amplitude
and latencies of the speech-DPOAEs when participants
attended one of two competing speakers.

To assess the attentional modulation, we excluded data
from two subjects who had non-significant pure-tone
DPOAEs and from another two subjects whose answers
to the speech comprehension questions did not exceed
chance level.

Regarding the attentional modulation of the speech-
DPOAEs related to the male voice, we excluded the
data from four further subjects whose corresponding
speech-DPOAEs were non-significant. With respect to
the attentional modulation of speech-DPOAEs related
to the female voice, data from three subjects whose
corresponding speech-DPOAEs did not reach signifi-
cance were excluded.

The amplitudes and latencies of the different speech-
DPOAEs, as well as their changes because of switching
attention, were then checked for normality through the
Kolmogorov-Smirnov test. Non-parametric tests were
used for the hypothesis testing as the data were not nor-
mally distributed and as the sample size was small. We
further used a bootstrap analysis to estimate the sampling
distributions of the mean attentional effects, to compute
the confidence intervals for estimation inference, and to
test the stability of the results. In particular, we used a ran-
dom sampling with replacement procedure for 10,000 re-
samples and performed bootstrap hypothesis tests for
the mean. We used a significance level of 0.05.

Data availability

The speech stimuli, the corresponding harmonic wave-
forms, as well as the recordings of the pure-tone and
speech-DPOAE from all participants are available on fig-
share  (https://doi.org/10.6084/m9.figshare.12738515).
The repository also contains an example script for com-
puting the speech-DPOAE as presented in Figure 2E.

Results

We sought to measure OAEs that were related to the
harmonic structure of continuous non-repetitive speech,
an ecologically relevant stimulus. We therefore devised a
method to measure such speech-DPOAEs by eliciting
distortion products from waveforms that tracked particu-
lar harmonics of the fundamental frequency of the speech
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Figure 2. Measurement of speech-DPOAEs. A-D, Complex cross-correlations of the microphone recording of a representative sub-
ject with the stimulating waveforms for the male voice [wy(t) and w11 (1)], when the probe is placed inside the ear canal (A, C, re-
spectively) and when it is hold outside the ear (B, D, respectively). The data from the representative subject show that the complex
cross-correlation of each stimulation waveform with the microphone recording peaks at 0 ms (blue: real part, red: imaginary part,
black: amplitude). These peaks occur both when the probe is placed inside (A, C) as well as outside the ear canal (B, D). E, An OAE
is measured by computing the complex cross-correlation between the microphone recording and the waveform wy(t) that corre-
sponds to the lower-sideband distortion. We refer to this emission as a speech-DPOAE. The amplitude peaks at a latency of 2.2 ms
(dashed line). F, The speech-DPOAE measured outside the ear canal. When the probe is placed outside the ear canal, the cross-
correlation does not show a significant peak, demonstrating that no emission could be detected. G, Individual peak values of
speech-DPOAEs for male and female speech in isolation. In most subjects the amplitude of the speech-DPOAE (darker bar) was
significantly above the noise floor (lighter superimposed bar). The population average of the speech-DPOAE related to the male
voice was significantly larger than that related to the female voice.

signal (Fig. 1). The distortion emerged then at nearby
harmonics.

We first verified the presence of a particular stimulation
waveform in the microphone recording by cross-correlat-
ing the recording with that waveform. We found that we
could thereby indeed measure the two waveforms that
were used to stimulate the OAEs: each of them caused a
peak in the corresponding cross-correlation, at a delay of
O0ms (Fig. 2A-D). These peaks emerged whether or not
the probe for stimulating the ear and measuring the sound
pressure was placed inside or outside the ear canal, since
these signals were produced by the probe itself.

The speech-DPOAE was then measured analogously
by cross-correlating the obtained microphone recording
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with the waveform of the harmonics that corresponded to
a distortion product. The speech-DPOAE emerged then
as a peak in that cross-correlation (Fig. 2E). As a control,
this peak disappeared when the probe used to measure
the speech-DPOAEs was placed near but outside the ear
canal (Fig. 2F).

When subjects listened to a single speaker, we found
that we could record significant speech-DPOAEs in all 24
subjects: all recordings except for one that was related to
the female voice were significant (Fig. 2G). The amplitude
of the speech-DPOAEs was 3.4e-4 + 8e-5 (population av-
erage over male and female voices and standard error of
the mean). The speech-DPOAE related to the male voice,
was, however, significantly larger than that related to the
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Figure 3. Relation of speech-DPOAEs to pure-tone DPOAEs. A, The power spectrum of the microphone recording in response to
pure tones of a representative subject. Pure-tone DPOAEs were measured in response to the two primary frequencies f1 = 1 kHz
and f, = 1.2kHz, and emerged at the cubic distortion frequencies 2f; — f, and 2f, — f;. B, The cross-correlation of the lower-side-
band 2f; — f, with the microphone recording of the same subject shows an amplitude of about 5e-4 (upper panel), significantly high-
er than that obtained when the probe is placed outside the ear canal (lower panel). C, Comparison between the lower-sideband
pure-tone DPOAEs analyzed through the two methods presented in A, B. The amplitude of the pure-tone DPOAEs when analyzed
through the cross-correlation method (ordinates), strongly correlated with the amplitude obtained from the power spectrum across
subjects (abscissas). D, Comparison between the pure-tone DPOAEs obtained through the power spectrum and the speech-
DPOAEs peak responses. The amplitude of the speech-DPOAEs was strongly correlated, across subjects, to the amplitude of the

lower-sideband DPOAE 2f; — f» as well.

female voice (p = 0.0002; two-tailed two-sample Wilcoxon
signed-rank test; Fig. 2G). It also had a larger variance
(p=0.02; Bartlett’s test). The latency of the speech-
DPOAEs was 2.3 + 0.2 ms (population average over male
and female voices and standard error of the mean). It did
not differ between the male and the female voice (0 =0.8;
two-tailed two-sample Wilcoxon signed-rank test).

To compare the speech-DPOAEs to conventional
OAEs, we also measured pure-tone DPOAEs (Fig. 3). We
first analyzed the recordings through computing the
power spectrum, which showed peaks at the DPOAE fre-
quencies (Fig. 3A). Using this type of analysis, we found
that the upper sideband distortion product 2f, — f; was
measurable in 14 of the 24 subjects, while the lower-side-
band distortion product 2f; — f, could be detected in all
subjects but two. The power spectrum of the upper side-
band distortion product 2f, —f; was 2 + 1-dB SPL/Hz
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(population average and standard error of the mean), and
that of the lower-sideband distortion product 2f; —f»
reached —11 =£1-dB SPL/Hz (population average and
standard error of the mean).

To relate the DPOAE measurement to the speech-
DPOAEs, we also analyzed the lower-sideband distor-
tion product 2fy — f> using the cross-correlation method
(Fig. 3B). We found that the cross-correlation of sinu-
soidal oscillations at the distortion frequency 2f; —fo
yielded significant results in all but one subject.
Moreover, the amplitude of the cross-correlation for
this DPOAE was strongly related to its power spectrum
across the different subjects (Pearson correlation coef-
ficient r=0.83, p =2e-6; Fig. 3C). This strong correlation
showed that a DPOAE power spectrum of 10 dB/Hz, for
instance, corresponded to a cross-correlation ampli-
tude of approximately 1e-3.
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Figure 4. Attentional modulation of speech-DPOAEs. Individual attentional modulations of speech-DPOAEs to male and female voi-
ces (A; the diamond markers represent outliers) and bootstrap distributions of the mean amplitude relative attentional modulation to
the male voice (B) and female voice (C). A, The relative attentional modulation of the speech-DPOAEs related to the male voice is
not significantly different from zero. Speech-DPOAEs related to the female voice are, however, significantly larger when the female
voice is attended than when it is ignored. B, C, The bootstrapping procedure confirms that the results are stable, and that the atten-
tional modulation related to the female voice has a large intersubject variability (C).

We further investigated the relation between the power
spectrum of the distortion product 2f; — f, with the ampli-
tude of the speech-DPOAEs across the different partici-
pants (Fig. 3D). We found that these two measures
exhibited a strong and significant correlation as well
(Pearson correlation coefficient r=0.65, p=3e-6). As an
example, a DPOAE power spectrum of 7-dB SPL/Hz cor-
responded on average to a speech-DPOAE of an ampli-
tude of 1e-3.

Armed with the ability to monitor cochlear activity re-
lated to the harmonic structure of speech through the
speech-DPOAEs, we then sought to employ them to in-
vestigate speech processing in the cochlea. We focused
on an important aspect of speech-in-noise comprehen-
sion, namely selective attention to the target voice.

To this end, we presented subjects with both a male
and a female voice in one ear, while measuring speech-
DPOAEs from the contralateral ear. Subjects were in-
structed to sometimes attend the male and sometimes
the female voice, and were asked comprehension ques-
tions regarding the target speech signal. The participants
achieved a comprehension score of 80 = 13% (popula-
tion mean *= SD), demonstrating that they were able to
maintain a high level of attention.

We then analyzed the magnitude of the speech-
DPOAEs for each voice and how it was modulated by
selective attention. We found that the speech-DPOAEs
related to the female voice were larger when the subject
attended the female speaker than when that voice was
ignored (Fig. 4A). The relative attentional modulation of
the speech-DPOAE related to the female voice, Ag, was
0.064 and was significantly greater than zero (p =0.02,
two-tailed one-sample Wilcoxon signed-rank test). The
statistical significance remained when removing two
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outliers (p=0.01, two-tailed one-sample Wilcoxon signed-
rank test).

To test the stability of the results and to derive an addi-
tional estimate of the mean relative attentional modula-
tion, we performed a bootstrapping procedure (Fig. 4C).
The 95% confidence interval for the mean attentional
modulation ranged from 0.004 to 0.13. The bootstrapped
one-sided p value of the estimated population mean was
0.03.

However, regarding the speech-DPOAEs related to the
male voice, the relative attentional modulation A, was not
significantly different from zero (p =0.8, two-tailed one-
sample Wilcoxon signed-rank test). The removal of the
outliers rendered a similar p value (p=0.7, two-tailed
one-sample Wilcoxon signed-rank test). These results
were confirmed by the bootstrapping, that yielded 95%
confidence intervals for the mean modulation of [-0.15,
0.087], and no significant difference from 0 (o =0.65;
Fig. 4B).

At the level of individual subjects, two subjects showed
significant relative attentional modulations to the male
voice (Ay), with p values of 2e-5 and 3e-4. One further
subject showed significant relative attentional modulation
to the female voice (Ag), with a p value of 0.02. The re-
mainder of the attentional modulation coefficients were
statistically insignificant, with p values between 0.06 and
0.9.

Discussion

We developed a method to measure speech-DPOAEs,
namely OAEs that were related to the harmonic structure
of a speech signal. These OAEs were elicited by wave-
forms whose instantaneous frequency corresponded to
that of particular harmonics of the fundamental frequency
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of the voiced parts of speech. They elicited distortion at
other harmonics, and we measured these distortions by
cross-correlating the microphone recording with the cor-
responding waveforms.

We compared the speech-DPOAEs to conventional
pure-tone DPOAEs, and found that, across the different
subjects, the amplitudes of the speech-DPOAEs were
correlated to those of the pure-tone DPOAEs. Moreover,
analyzing pure-tone DPOAEs in a manner that was com-
parable to the speech-DPOAEs showed that the ampli-
tude of the speech-DPOAEs was comparable to that of
the pure-tone DPOAEs. This suggests that the speech-
DPOAEs and pure-tone DPOAEs have indeed a common
origin in the cochlea.

Because the fundamental frequency of speech varies
over time, the harmonics vary as well. The stimuli that
we employed to elicit speech-DPOAEs, as well as the
speech-DPOAEs themselves, were therefore not pure
tones, but had a broader frequency spectrum. This en-
abled us to obtain the latency of the speech-DPOAEs,
which provides further information on the origin of the
emissions.

OAEs have been found to consist of two components,
one with a long latency of many cycles and another with
a short one of maximally a few cycles of delay (Knight
and Kemp, 2001; Robles and Ruggero, 2001; Bergevin
et al., 2008). The two different components may arise
through different mechanisms of how the backward-
traveling wave in the cochlea is generated (Shera and
Zweig, 1991; Talmadge et al., 1999; Kalluri and Shera,
2001), or through different propagation mechanisms of
the OAEs in the cochlea (Ren, 2004; He et al., 2007,
2008; Lutman et al., 2008; Reichenbach et al., 2012).
The lower-sideband of pure-tone DPOAEs is dominated
by the long-latency component, while the upper-side-
band consists mainly of the short-latency component.

We found a latency of the speech-DPOAEs of only
2.3ms, corresponding to ~1.6 cycles. Although the
speech-DPOAEs result from the lower-sideband distor-
tion, their short delay reveals that they are dominated by
the short-latency component. This deviation from the be-
havior of pure-tone DPOAEs may reflect the varying fre-
quency of the speech-DPOAEs, which can introduce
negative interference in the long-latency component.
Because the phase of the latter changes rapidly with fre-
quency, variation in frequency can indeed lead to signifi-
cant cancellation effects. The phase of the short-latency
component, in contrast, depends barely on frequency, ex-
cept for the phase changes associated with the varying
primary frequencies themselves (Reichenbach and
Hudspeth, 2014). The fundamental frequency of speech
does, however, not vary greatly, largely eliminating nega-
tive interference.

The speech-DPOAE related to the male voice had a
larger amplitude than that related to the female voice. This
behavior might reflect the different frequency ratios be-
tween the waveforms that we used to elicit the different
speech-DPOAEs. Pure-tone DPOAEs have been found to
be largest when the ratio of the primary frequencies f1 and
fo is fo/f1 = 1.2 (Probst et al., 1991). The harmonics that
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we used to elicit the speech-DPOAEs related to the
male voice, had a frequency ratio of 1.2, while the fre-
quency ratio for the waveforms that yielded the speech-
DPOAEs related to the female voice was slightly higher,
1.33. The higher ratio likely led to a smaller amplitude of
the speech-DPOAEs that were related to the female
voice.

To investigate whether the speech-DPOAEs that we
measured could in fact be used to investigate the effects
of speech processing on the cochlea, we employed the
speech-DPOAEs to study whether they were affected by
selective attention to one of two competing voices. We
found that the speech-DPOAEs related to the female
voice were larger when the female voice was attended
than when it was ignored. The speech-DPOAEs related to
the male voice were not affected by attention.

We can speculate that the lack of a significant effect for
the male voice might reflect the poorer resolvability of the
target harmonics. The speech-DPOAEs that were related
to the female voice tracked the resolved harmonics. Their
measurement therefore allowed to test whether cochlear
activity at the locations of the resolved harmonics was
modulated by selective attention. In contrast, the speech-
DPOAEs for the male voice were related to unresolved
harmonics. Our observation of an attentional modulation
of the speech-DPOAEs related to the female, but not of
those related to the male voice, is therefore consistent
with an attentional modulation of cochlear activity regard-
ing the resolved but not the unresolved harmonics of
speech. In particular, the cochlea appears to facilitate se-
lective attention to a voice through a larger mechanical re-
sponse at the locations of the resolved harmonics, but not
at the unresolved harmonics. Because only the resolved
harmonics can be differentiated in the cochlea, an atten-
tional modulation that aims to reduce background noise
can indeed only sensibly operate on the resolved and not
on the unresolved harmonics.

The attentional effect on the amplitude of the speech-
DPOAE related to the female voice that we observed is only
6.4% on average, corresponding to 0.54 dB. Although this
effect is small, it is comparable to the MOC reflex that is eli-
cited by broadband noise and changes DPOAE magnitudes
between 0.5 and 2dB (Chéry-Croze et al., 1993; Timpe-
Syverson and Decker, 1999; Sun, 2008). Intermodal atten-
tion such as between attending to an acoustic and to a vis-
ual signal has been found to have similar or smaller effects
on the DPOAE amplitude (Wittekindt et al., 2014; Beim et al.,
2018).

The bootstrap analysis of the data validated the stability
of the attentional modulation effect. Nevertheless, the
large confidence interval for the mean attention estimate
suggests considerable uncertainty as well as a large inter-
individual variability, in lines with recent observations on
selective attention modulation of cochlear function when
attending to tones (Beim et al., 2018).

The attentional modulation of cochlear activity related
to the harmonic structure of speech is reminiscent of the
attentional effect on the brainstem response to voiced
speech. As we have shown recently, the brainstem re-
sponse at the fundamental frequency of continuous
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speech is modulated by selective attention (Forte et al.,
2017; Etard et al., 2019; Saiz-Alia et al., 2019). In particu-
lar, the response is larger when the voice is attended than
when it is ignored. Because of the nonlinearities in the
inner ear and in the neural processing, the brainstem re-
sponse at the fundamental frequency reflects cochlear
activity at higher harmonics (Saiz-Alia and Reichenbach,
2020). The attentional modulation of the cochlear activity
for which we have provided evidence here may contribute
to the attention effect seen in the brainstem response.

DPOAEs and other types of OAEs have been em-
ployed previously to investigate how cochlear activity
can be affected by selective attention, such as auditory
versus visual attention, but have yielded inconclusive
results that include both positive (Giard et al., 1994;
Maison et al., 2001; de Boer and Thornton, 2007; Walsh
et al., 2008; Harkrider and Bowers, 2009; Smith et al.,
2012; Srinivasan et al., 2014; Wittekindt et al., 2014)
and negative findings (Avan and Bonfils, 1992; Beim et
al., 2018, 2019). Potential confounds in these measure-
ments were a task-irrelevance of some of the stimuli
that were used for eliciting the OAEs and a difficulty to
assign attention tasks in different modalities that were
balanced in perceptual load and working memory.

Our method of assessing the attentional modulation of
the inner ear’s activity relates directly to natural speech
processing. The task of selective attention to speech was
naturalistic with a high ecological validity, and with a high
perceptual load. This factor may have contributed to
our positive finding regarding a modulation of speech-
DPOAEs through selective attention. However, because
of the small sample size, the lack of effect for the male
condition and the large margin of error of the effect, the
evidence for attentional modulation that we obtained still
needs to be treated with caution. Moreover, the modula-
tion by selective attention was, at the level of individual
subjects, only significant in a few cases. While we be-
lieve that the speech-DPOAEs that we introduced open
a promising path to study selective attention to speech
in the cochlea, further studies are required to replicate
our findings, to firmly establish the attentional modula-
tion, to investigate the impact of the ratio of the primary
frequencies on the amplitude of the resulting speech-
DPOAEs, and to investigate to which degree resolved
versus unresolved harmonics lead to differences in the
attentional modulation.

In conclusion, the speech-DPOAEs that we have devel-
oped here provide a novel tool to measure inner-ear activ-
ity related to the processing of naturalistic speech. In
particular, this enables to assess aspects of speech proc-
essing such as selective attention in a manner that fosters
sustained attention of a participant and avoids potential
neural adaptation to repeated stimuli. We therefore ex-
pect speech-DPOAEs and related complex OAEs to be-
come a useful tool in further exploring how the inner ear
contributes to the processing of complex real-world
acoustic signals. They may also be relevant for a better
understanding and diagnosis of poorly understood hear-
ing impairments such as cochlear neuropathy or speech-
in-noise deficits.
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