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Objectives: Cochlear implant (Cl) users continue to struggle under-
standing speech in noisy environments with current clinical devices.
We have previously shown that this outcome can be improved by using
binaural sound processors inspired by the medial olivocochlear (MOC)
reflex, which involve dynamic (contralaterally controlled) rather than
fixed compressive acoustic-to-electric maps. The present study aimed
at investigating the potential additional benefits of using more realistic
implementations of MOC processing.

Design: Eight users of bilateral Cls and two users of unilateral Cls par-
ticipated in the study. Speech reception thresholds (SRTs) for sentences
in competition with steady state noise were measured in unilateral and
bilateral listening modes. Stimuli were processed through two independ-
ently functioning sound processors (one per ear) with fixed compres-
sion, the current clinical standard (STD); the originally proposed MOC
strategy with fast contralateral control of compression (MOC1); a MOC
strategy with slower control of compression (MOC2); and a slower MOC
strategy with comparatively greater contralateral inhibition in the lower-
frequency than in the higher-frequency channels (MOC3). Performance
with the four strategies was compared for multiple simulated spatial
configurations of the speech and noise sources. Based on a previously
published technical evaluation of these strategies, we hypothesized that
SRTs would be overall better (lower) with the MOC3 strategy than with
any of the other tested strategies. In addition, we hypothesized that the
MOC3 strategy would be advantageous over the STD strategy in listening
conditions and spatial configurations where the MOC1 strategy was not.

Results: In unilateral listening and when the implant ear had the worse
acoustic signal-to-noise ratio, the mean SRT was 4 dB worse for the
MOC1 than for the STD strategy (as expected), but it became equal or
better for the MOC2 or MOGC3 strategies than for the STD strategy. In
bilateral listening, mean SRTs were 1.6 dB better for the MOC3 strategy
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than for the STD strategy across all spatial configurations tested, in-
cluding a condition with speech and noise sources colocated at front
where the MOC1 strategy was slightly disadvantageous relative to the
STD strategy. All strategies produced significantly better SRTs for spa-
tially separated than for colocated speech and noise sources. A statisti-
cally significant binaural advantage (i.e., better mean SRTs across spatial
configurations and participants in bilateral than in unilateral listening)
was found for the MOG2 and MOC3 strategies but not for the STD or
MOC1 strategies.

Conclusions: Overall, performance was best with the MOC3 strategy,
which maintained the benefits of the originally proposed MOC1 strategy
over the STD strategy for spatially separated speech and noise sources
and extended those benefits to additional spatial configurations. In addi-
tion, the MOC3 strategy provided a significant binaural advantage, which
did not occur with the STD or the original MOC1 strategies.

Key words: Binaural advantage, Binaural hearing, Binaural sound proc-
essor, Olivocochlear efferents, Spatial masking release, Speech-in-noise
intelligibility.
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INTRODUCTION

Cochlear implants (Cls) are vastly successful but still open to
improvement. Many users of Cls reach close-to-normal speech
intelligibility in quiet environments (Wilson & Dorman 2007,
2008), but their intelligibility in noisy settings is still poorer
than normal (Schleich et al. 2004; Loizou et al. 2009; Misurelli
& Litovsky 2015; Wilson 2018). We have recently shown that
for some listening conditions, the intelligibility of speech in
competition with other sounds can be improved by using audio
processors with binaurally coupled back-end compression in-
spired by the medial olivocochlear (MOC) reflex, an approach
referred to as the “MOC strategy” (Lopez-Poveda et al. 2016a,
2017). Here, we report wider benefits of this strategy with more
realistic implementations of the natural MOC reflex.

In healthy ears, the nonlinear mechanical vibration of the
organ of Corti “maps” a wide range of acoustic pressure into
a narrower (compressed) range of basilar membrane displace-
ment (Robles & Ruggero 2001). The mapping, however, and
thus the amount of compression, changes with activation of
MOC efferents. MOC efferent activation suppresses the elec-
tromotility of outer hair cells in response to low-level sounds
(Brown et al. 1983; Brown & Nuttall 1984). This linearizes bas-
ilar membrane input/output curves by inhibiting the amplitude
of basilar membrane vibrations to low-level sounds without
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significantly changing the response to high-level sounds (Muru-
gasu & Russell 1996; Cooper & Guinan 2006). In quiet back-
grounds, this linearization causes a mild increase in audiometric
thresholds (Smith et al. 2000; Kawase et al. 2003; Aguilar et al.
2014). In noise, it restores the dynamic range of neural responses
(Winslow & Sachs 1988) and releases neural responses from
masking (Nieder & Nieder 1970), which presumably improves
the neural coding of transient speech features and the intelligi-
bility of speech in noise (see Lopez-Poveda 2018). Attention, as
well as ipsilateral and contralateral sounds, can activate MOC
efferents during natural listening, thereby adjusting compres-
sion dynamically and producing the “antimasking” effects just
described. Normal-hearing individuals who have weak MOC
reflexes have relatively poorer speech-in-noise perception (e.g.,
Mishra & Lutman 2014), which suggests that the antimasking
effects of MOC reflex activation facilitate the intelligibility of
speech in noise (see Lopez-Poveda 2018).

The electrical stimulation delivered by Cls is independent
from MOC efferents, which might contribute to the greater
difficulties experienced by CI users understanding speech in
competition with other sounds compared with normal-hearing
listeners. The MOC strategy was conceived to reinstate some
efferent effects with ClIs and other hearing devices (Lopez-
Poveda 2015). Similar to the normal ear, the audio processor in
a Cl includes instantaneous compression at the back end in each
frequency channel of processing to map a wide range of acoustic
pressure into a narrower range of electrical current (Wilson
et al. 1991, 2005; Wouters et al. 2015). The standard today is
for this compression to be fixed (i.e., invariant over time). In
the MOC strategy, by contrast, the amount of compression is
conceived to change dynamically depending on control signals
carefully selected to mimic attentional and/or reflexive efferent
effects on compression (see Lopez-Poveda 2015; Lopez-Poveda
et al. 2016b).

To date, the MOC strategy has been implemented and tested
with contralateral control of compression to mimic the effects
of the contralateral MOC reflex (attentional control and ipsilat-
eral control of compression are foreseen but have not yet been
investigated). The implementation involved on-frequency con-
tralateral inhibition with short (2 msec) time constants for the
activation and deactivation of the inhibition. Compared with
using two independently functioning processors with fixed
compression (the current clinical standard or STD), the MOC
strategy enhanced the speech information in the ear with the
better acoustic signal-to-noise ratio (SNR) (see later). As a re-
sult, the MOC strategy improved intelligibility for bilateral CI
users when the target and interferer sound sources were spatially
separated and for unilateral CI users when the implanted ear had
the better acoustic SNR (see Lopez-Poveda et al. 2016a, 2017).
The strategy, however, had potential drawbacks: (1) it reduced
the speech information in the ear with the worse acoustic SNR,
which could potentially hinder intelligibility in unilateral lis-
tening when the implant ear had the worse acoustic SNR (Note
that the MOC strategy always involves two microphones (one
per ear) and bilateral processing, as if users were wearing two
CIs. In unilateral listening tests, the pattern of electrical stimu-
lation is calculated for the two ears, but electrical stimulation is
actually delivered only to the implant ear.); and (2) the mutual
inhibition between the pair of processors decreased the overall
stimulation levels and thus audibility, which could hinder intel-
ligibility in bilateral or unilateral listening when the two CIs (or

processors) have identical input signals. (It is unlikely that bilat-
eral CI users will have identical input signals at their implants
in natural listening conditions. Identical inputs, however, can
occur in well-controlled laboratory tests for colocated speech
and interferer sources.)

The original implementation and parameters of the MOC
strategy were chosen based on pilot comparisons of intelli-
gibility for normal-hearing listeners presented with speech
vocoded through the MOC and STD strategies (Lopez-Poveda
& Eustaquio-Martin 2014). Such implementation and param-
eters disregarded aspects of the natural MOC reflex including
the rather slow time courses for activation and deactivation of
inhibition (Cooper & Guinan 2003; Backus & Guinan 2006),
the possibility that the inhibition of basilar membrane responses
be greater in apical than in basal cochlear regions (Lilaonitkul
& Guinan 2009; Aguilar et al. 2013), and the possibility that
the largest MOC reflex inhibition occurs when the contralat-
eral sound elicitor is one-half octave below the probe frequency
(Lilaonitkul & Guinan 2009). Lopez-Poveda and Eustaquio-
Martin (2018) used the short-term objective intelligibility
(STOI) to explore the potential benefits of MOC processing
with more realistic implementations of natural MOC effects.
STOI is an objective measure of the amount of information at
the output of a sound processor (Taal et al. 2011). It is the av-
erage linear correlation (over time and frequency) between the
unprocessed speech in quiet and the processed speech in noise.
It is a scalar value between 0 and 1 that is expected to have a
monotonic relation with the percentage of correctly understood
speech tokens averaged across a group of listeners. The tech-
nical evaluation of Lopez-Poveda and Eustaquio-Martin pre-
dicted that the use of longer time constants for activation and
deactivation of contralateral inhibition, combined with com-
paratively greater inhibition in the lower-frequency than in the
higher-frequency channels, can overcome the shortcomings of
the original MOC-strategy implementation and even improve
the signal information in the ear with the worse acoustic SNR.
In addition, the technical evaluation predicted no benefit of
implementing a half-octave frequency offset in the contralateral
control of inhibition.

The main aim of the present study was to experimentally con-
firm some of these predictions with actual CI users. A second
aim was to investigate the potential binaural advantage provided
by MOC processing. We measured speech reception thresholds
(SRTs) for sentences presented in competition with steady state
noise, in unilateral and bilateral listening modes, and for mul-
tiple spatial configurations of the speech and noise sources.
SRTs were measured with the STD strategy, the “original” fast
MOC strategy (MOC1), a slower MOC strategy (MOC?2), and
a slower MOC strategy with comparatively greater contralateral
inhibition in the lower-frequency than in the higher-frequency
channels (MOC3). Measurements with a slower MOC strategy
with offset contralateral control of inhibition were not con-
ducted because of time constraints and because, as explained
earlier, no benefits were expected from it. To verify the supe-
rior performance of the more realistic MOC implementations
predicted by the STOI simulations of Lopez-Poveda and Eusta-
quio-Martin (2018), we included spatial configurations of the
speech and noise sources where intelligibility was expected to
be worse with the original MOC] than with the STD strategy.
All tests were conducted on eight bilateral and two unilateral CI
users not previously tested on any of the strategies.
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MATERIALS AND METHODS

The study was approved by the Ethics Review Board of the
University of Salamanca.

Participants

Eight bilateral and two unilateral users of MED-EL CIs par-
ticipated in the study (Table 1). Two of the bilateral CI users
were children (SA012 and SA013), two were teenagers (SA009
and SA010), and four were adults (SAO011, SA014, SA015, and
SA016). The two unilateral CI users were adults (SA006 and
SA007) and wore hearing aids in the ear contralateral to the CI.
There was no particular reason for admitting participants of dif-
ferent ages to the study other than to increase the sample size
(in Spain, adult bilateral CI users are scarce because the Spanish
National Health Service covers bilateral implantation for chil-
dren and only rarely for adults). This is unlikely problematic be-
cause all participants were able to perform the task and the study
explored within-subject effects only (the main factors were pro-
cessing strategy and spatial configuration). In other words, if any
factor had made children perform differently from adults (e.g.,
Dubno et al. 2008; Eddins et al. 2018), the factor(s) in question
would have affected all processing strategies equally.

All participants completed the whole set of tests except the
two children and the unilateral CI users, who participated in
a reduced number of conditions (see later). All participants
were native speakers of Castilian Spanish. One of the children
(SA013) had been living in Scotland for the last 4 years but he
spoke Spanish at home. All participants were reported to per-
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Participants were volunteers and not paid for their service.
They all signed an informed consent to participate in the study.
None of them had been previously tested with any of the sound
processing strategies used in the study.

Processing Strategies

Stimuli were processed through STD and MOC sound pro-
cessing strategies before their presentation to participants. The
STD and MOC strategies were identical to each other except for
the back-end compression stage (Lopez-Poveda 2015; Lopez-
Poveda et al. 2016a). The processors in the two strategies were
based on the Continuous Interleaved Sampling (CIS) strategy
(Wilson et al. 1991). They included a high-pass preemphasis
filter (first-order Butterworth filter with a 3-dB cutoff frequency
of 1.2kHz); a bank of sixth-order Butterworth band-pass filters
whose 3-dB cutoff frequencies followed a modified logarithmic
distribution between 100 and 8500 Hz; envelope extraction via
full-wave rectification and low-pass filtering (fourth-order But-
terworth low-pass filter with a 3-dB cutoff frequency of 400 Hz);
a logarithmic compression function (fixed for STD and dynamic
for MOC processors); and CIS of the compressed envelopes with
biphasic electrical pulses. The number of filters in the bank was
identical to the minimum number of active electrodes between
the left and right implants (Table 1) and equal for the left- and
right-ear processors. The electrodes used for testing each partic-
ipant are shown in Table 1.

The logarithmic compression function in all processors was
as follows (Boyd 2006):

form very well with their implants. Participant SA009 had not M

been using his left implant for a month just before the start of y:M

the study because the audio processor was damaged. In(1+c)

TABLE 1. Participants’ data

Time of Electrodes
Age Implant Use Active Pulse Rate Better Thr
ID Sex (Years) Etiology (Months) Used (pps) Ear (% MCL)
Left Right Left Right Left Right Left Right
SA006 F 48 Genetic? HA 125 n/a 1-11 n/a 1653 Right n/a 5
1-11
SA007 M 49 Genetic? HA 125 n/a 1-11 n/a 1617 Right n/a 15
1-11

SA009 M 15 Genetic 105 148 1-12 3-12 1818 1538 Right 0 10
1-10 3-12

SA010 M 16 Unknown 140 172 1-12 1-10 1695 1099 Right 10 0
1-10 1-10

SA011 F 44 Antibiotic? 22 135 2-11 1-11 1754 1734 Left 5 5
2-11 2-11

SA012 F 7 Genetic 76 65 1-12 1-12 1515 1485 Left 5 5
1-12 1-12

SA013 M 8 Genetic 83 83 1-12 1-12 1485 1515 Right 10 10
1-12 1-12

SA014 M 48 Meningitis 175 190 1-9 1-7,9-11 1846 1143 Left 5 5
1-9 1-7,9-10

SA015 F 35 Meningitis 147 19 1-11 1-12 1405 1653 Left 5 5
1-11 1-11

SA016 F 74 Genetic? 150 119 1-10 1-2, 4-11 1493 1478 Left 10 10
1-10 1-2, 4-11

The better ear is as reported by the participant.

F, female; HA, hearing aid; M, male; MCL, maximum comfortable loudness; n/a, not applicable; pps, pulses per second; Thr, threshold.
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where x and y are the input and output envelopes to/from the
compressor, respectively, both assumed to be within the in-
terval [0, 1]; and c is a parameter that determines the amount
of compression.

STD Processors « For STD processors, ¢ was set equal to
1000 and fixed. This value differed slightly from the value of
500 used by most of the participants in their clinical devices.
The exceptions were the two unilateral CI users (SA006 and
SA007), who were using ¢ = 1000 in their clinical devices;
the right-ear processor of SA010, which was configured with
¢ = 600; the left-ear processor of SA014, which was configured
with ¢ = 900; and the left-ear processor of SA015, which was
configured with ¢ = 1000.

MOC Processors ¢ In the MOC processors, the value of the
compression parameter (c¢) in every frequency channel of pro-
cessing varied dynamically depending upon the time-weighted
output level from the corresponding frequency channel in the
contralateral processor. The relationship between the instanta-
neous value of ¢ and the instantaneous contralateral output level
(E) was such that the greater the output level, the smaller the
value of ¢ (on-frequency inhibition). Specifically, ¢ varied be-
tween approximately 30 and 1000 for contralateral output levels
of 0 and —20 dB full scale (FS; where 0 dB FS means 0 dB re
unity), respectively, as in the previously published experimental
studies of the MOC strategy (Lopez-Poveda et al. 2016a, 2017).

Inspired by the exponential time course of activation and de-
activation of the MOC reflex (Backus & Guinan 2006), in the
MOC strategies, the instantaneous output level from the contra-
lateral processor was calculated as the root-mean-square ampli-
tude integrated over a preceding exponentially decaying time
window with two time constants (t, and t,) (see later).

In previous experimental evaluations of the contralat-
eral MOC strategy, the instantaneous compression parameter
c for every frequency channel of processing depended upon the
output level from the corresponding contralateral frequency
channel (E). Due to the pseudologarithmic distribution of band-
pass filter center frequencies, high-frequency channels had
larger bandwidths than low-frequency channels. Therefore, for
broadband signals, the output level and thus contralateral in-
hibition could have been greater for the higher-frequency than
for the lower-frequency channels. To better control the amount
of contralateral inhibition, after Lopez-Poveda and Eustaquio-
Martin (2018), for the present MOC processors, the value of
¢ for each frequency channel depended on the contralateral
output level for the corresponding channel normalized to the
channel bandwidth; that is, ¢ depended on E’ rather than E,
where £” was calculated as follows:

g [P @
BW
where BW is the channel bandwidth and BW _ is the bandwidth
of a reference frequency channel.

Tested Strategies

SRTs were measured with the STD strategy and with three
implementations of the MOC strategy. The latter involved dy-
namic and binaurally coupled back-end compression with dif-
ferent parameters:

* MOCI: This was the MOC strategy as implemented and
tested originally (Lopez-Poveda et al. 2016b, 2017); that

is, with fast time constants (T, = T, = 2 msec) and with
greater inhibition in the higher-frequency than in the
lower-frequency channels (i.e., bandwidth normalization
was not applied).

* MOC?2: This was an MOCI strategy with time constants
T, = 2 msec, T, = 300 msec, thus overall closer to the
slower time course of activation and deactivation of the
natural contralateral MOC reflex (Backus & Guinan 2006).

* MOC3: This was an MOC?2 strategy with bandwidth nor-
malization to simulate greater inhibition in the apical than
in the basal frequency channels, thus closer to the charac-
teristics of the natural contralateral MOC reflex (Lilaonit-
kul & Guinan 2009). BW__ was approximately equal to the
bandwidth of median channel (the actual normalization
channel was numbers 7, 6, 5, and 5 for participants with
12, 11, 10, and 9 active channels, respectively). As shown
later, this produced effectively greater inhibition in the
lower-frequency than in the higher-frequency channels.

Further details about these strategies can be found in Lopez-
Poveda and Eustaquio-Martin (2018). The functioning of the
various strategies is described later.

Equipment

The MATLAB software environment (R2014a; The Math-
works, Inc.) was used to perform all signal processing and im-
plement all test procedures, including the presentation of electric
stimuli. Stimuli were generated digitally (at 20kHz sampling
rate, 16-bit quantization), processed through the corresponding
coding strategy, and the resulting electrical stimulation patterns
delivered using the Research Interface Box 2 (Department of
Ion Physics and Applied Physics at the University of Innsbruck,
Innsbruck, Austria) and each patient’s implanted receiver(s)/
stimulator(s).

Speech Reception Thresholds

Intelligibility in noise was assessed by measuring the SNR
at which listeners correctly recognized 50% of the full sen-
tences that were presented. The resulting SNR will be referred
to as the SRT. SRTs were measured using fixed-level speech (at
—20 dB FS) and varying the noise level adaptively using a one-
down, one-up procedure. For reference, the speech level of —20
dB FS corresponds approximately to 70 dB SPL in MED-EL
clinical CI audio processors. For each SRT measurement, 30
sentences were presented and participants were asked to repeat
each sentence. A sentence was scored as correct when all its
words were correctly recognized and incorrect when at least one
of the words was not recognized. The first 10 sentences were
always the same but were presented in random order for all par-
ticipants. They were included to give listeners an opportunity to
become familiar with the processing strategy tested during the
corresponding SRT measurement. The SNR changed in 3-dB
steps for the first 14 sentences and in 2-dB steps for the final 17
sentences, and the SRT was calculated as the mean of the final
17 SNRs (the 31st SNR was calculated and used in the mean but
not actually presented). If the SD of the 17 SNRs was greater
than 3 dB, the SRT measurement was discarded and a new SRT
was measured. Except for the two children (SA012 and SA013),
three SRTs were measured in this way for each condition and
the mean of the three measures was regarded as the final SRT.
For the two children, only one SRT was measured per condition.
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SRTs were measured using the Castilian Spanish version
(Huarte 2008) of the hearing-in-noise test (HINT) (Nilsson et al.
1994) for a male target speaker. For the two children, SRTs were
previously measured using the female sentences in the Span-
ish version of the Oldenburger Sentence Test (or “matrix” test)
(Hochmuth et al. 2012). These SRTs, however, were regarded as
part of the children’s training in the SRT task and were discarded
from further analyses. In all cases, the masker was speech-shaped
HINT noise. A different noise token was used to mask each sen-
tence. The noise started 500 msec before the sentence onset and
ended 500 msec after the sentence offset and was gated with
50-msec cosine-squared onset and offset ramps.

Spatial Configurations

For unilateral CI users, SRTs were measured with the
implanted ear alone (the hearing aid was removed during test-
ing). For bilateral CI users, SRTs were measured in unilateral
listening, involving listening with the self-reported better ear
(Table 1), and in bilateral listening, involving listening with the
two implants. SRTs were measured for five spatial configura-
tions of the speech and noise sources in unilateral listening and
for four spatial configurations in bilateral listening. Spatial con-
figurations were different for different participants depending
on the self-reported better ear of each participant. When the
self-reported better was the right ear, unilateral listening was
tested for SN, SN, SN, S N ., S N, and bilateral lis-
tening was tested for SN, S N_ ., S N . S, N ;. When the
self-reported better ear was the left ear, unilateral listening was
tested for SN_ ., SN, SN, S_ N, S (N, and bilateral lis-

=60 ~0° 0> 0" 60° 15 =60 "60°

tening was tested for S N, S_ [N, S N, S (N, . Inall cases,
the speech and noise sources were at eye level (i.e., their ele-
vation angle was 0°). In the S N, notation, X and Y indicate
the azimuthal angles (in degrees) of the speech (S) and noise
(N) sources, respectively, with 0° indicating a source directly
in front and positive and negative values indicating sources to
the right and the left of the midline, respectively. Note that loca-
tions were chosen so that the speech source was always in front
or toward the self-reported better ear of each participant (i.e.,
spatial configurations were symmetrical about the midline for
participants with different better ears). For convenience, in what
follows, results are reported as if the better ear was the right ear
for all participants.

Spatial locations were achieved by convolving monophonic
recordings with diffuse-field equalized head-related transfer
functions for a Knowles Electronics Manikin for Acoustic Re-
search and for speakers 1 m away from the center of the mani-
kin’s head (Gardner & Martin 1995).

Order of Testing

Unilateral listening tests were always administered first fol-
lowed by bilateral listening tests. For each of the two listening
modes (bilateral or unilateral), measurements were organized
in three blocks, one block for each of the three SRT estimates
obtained per condition. In unilateral listening, each block in-
volved measuring 20 SRTs (4 strategies x 5 spatial configura-
tions). In bilateral listening, each block involved measuring
16 SRTs (4 strategies x 4 spatial configurations). Within each
block, conditions were administered in random order, except
for bilateral condition S, N_,, which was always administered
last. Typically, a block was completed in two sessions separated

by a short break. Sometimes, however, two or three sessions
on consecutive days were needed to complete a block of mea-
surements. If any individual SRT measurement did not meet the
3-dB SD criterion (see earlier), an additional SRT measurement
was obtained after the full set of unilateral and bilateral tests
was completed.

Neither the experimenter nor the participant knew of
the strategy that was being tested at any time (double-blind
approach).

The Castilian Spanish HINT corpus consists of 6 practice
lists and 20 test lists with 10 sentences per list. Measuring each
SRT required using one practice list plus two test lists. There-
fore, the full protocol (adults and teenagers: 36 conditions X
3 SRT measurements per condition; children: 36 conditions x
1 SRT measurement per condition) involved using many more
lists than were available. The lists used for each SRT measure-
ment were selected randomly, but the procedure was designed
so that all lists were used approximately the same number of
times. The sentences in each list were presented in random
order every time the list was used. The potential effects associ-
ated to reusing the lists are discussed later.

Fitting and Loudness Level Balance

Before testing, the electrical current levels at maximum
comfortable loudness (MCL) were measured using the method
of adjustment. Minimum stimulation levels (i.e., thresholds)
were set to individually measured values or to 0%, 5%, or 10%
of MCL values (Boyd 2006), according to each participant’s
preference (Table 1). Processor volumes were set using the STD
strategy to ensure that sounds at the two ears were perceived as
comfortable and equally loud and that a sentence filtered with
the head-related transfer function for 0° elevation and 0° azi-
muth was perceived in the center of the head. A volume setting
above 100% was required for some participants to achieve ap-
propriate loudness levels. This resulted in a linear scaling up
of the programmed levels for MCL in a fitting map. Threshold
and MCL levels, as well as processor volumes, remained con-
stant for each participant across conditions. They also remained
constant for the MOC strategies to ensure that contralateral in-
hibition produced reductions in stimulation amplitudes (i.e.,
reduced loudness or audibility) relative to the STD strategy sim-
ilar to those that the natural contralateral MOC reflex produces
for listeners with normal hearing (Smith et al. 2000; Kawase et
al. 2003; Aguilar et al. 2014).

Statistical Analyses

The results from unilateral and bilateral listening tests
were analyzed separately. For each listening mode, a two-way
repeated-measures analysis of the variance (RMANOVA) was
conducted to test for the effects of processing strategy (STD,
MOCI1, MOC2, and MOC3), spatial configuration, and their in-
teraction on group mean SRTs. The Greenhouse-Geisser correc-
tion was applied when the sphericity assumption was violated.
Pairwise post hoc comparisons were conducted using Bonferroni
corrections for multiple comparisons. All tests were two-tailed,
and a result was regarded as statistically significant when
p <0.05. Statistical analyses were conducted using SPSS v. 23.
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Fig. 1. Example compressed envelopes (A-L) and maplaw values (M-Y) for STD, MOC1, MOC2, and MOC3 strategies with 10 frequency channels. Data are
shown only for three channels: channel number 3 (bottom row), channel number 5 (E-H and Q-T), and channel number 10 (top row) with center frequencies
of 501, 1159, and 7230 Hz. The speech was the Castilian Spanish word “sastre,” and the masker was speech-shaped noise. The speech and the masker had
levels at =20 dB FS (i.e., 0 dB SNR) and were located at +60° and —60° azimuth, respectively. The masker started 500 msec before the speech. Red and blue
traces show data for the right and left ears, respectively. Note the overlap between the red and blue traces in panels M, Q, and U, indicating that the value
of the maplaw parameter ¢ was equal across the ears in the STD strategy (c = 1000). FS indicates full scale; MOC, medial olivocochlear; MOCT, original fast
MOC strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in
the higher-frequency channels; SNR, signal-to-noise ratio; STD, standard.
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Comparative Analysis of STD and MOC Output Envelopes

In this section, we illustrate the functioning of the tested
strategies. The top part of Figure 1(panels A—L) shows output
envelopes for STD, MOC1, MOC2, and MOC3 processors with
10 frequency channels, the typical number of channels used
for the present participants (Table 1). For conciseness, output
envelopes are shown only for three channels: channel numbers
3 (bottom row), 5 (middle row), and 10 (top row), with center
frequencies of 501, 1159, and 7230 Hz, respectively. Blue and
red traces illustrate envelopes for the left and the right ear, re-
spectively. The speech was the Spanish word “sastre” and was
located at +60° azimuth. The masker was speech-shaped noise
and was located at —60° azimuth. The speech and noise had
equal root-mean-square levels at =20 dB FS (i.e., 0 dB SNR)
and the noise started 500 msec before the speech onset, as in the
SRT measurements. The bottom part of Figure 1(panels M—Y)
shows the corresponding time course of the maplaw (or com-
pression) ¢ parameter [Eq. (1)].

The figures show the following:

1. In the STD strategy, the maplaw parameter was con-
stant (¢ = 1000), equal in the two ears, and equal across
frequency channels. In the MOCI1, MOC2, and MOC3
processors, by contrast, the maplaw parameter varied
dynamically over time and was different across fre-
quency channels and across ears.

2. The variation was such that when the amplitude in a
given frequency channel was larger in one ear (black
arrow in Fig. 1B), the maplaw ¢ parameter and thus the
amplitude decreased in the corresponding contralateral
frequency channel relative to the STD strategy (gray
arrows in Fig. 1B, IN). In other words, the ear with the
larger amplitude “inhibited” the ear with the smaller am-
plitude by decreasing the value of the maplaw parameter
in the ear with the smaller amplitude.

3. The inhibitory effect, thus the temporal changes in the
maplaw parameter, was faster for MOC1 than for MOC2
or MOC3 processors because the MOCI strategy in-
volved shorter (faster) time constants of contralateral
inhibition than the MOC2 or MOCS3 strategies.

4. For higher-frequency channels (channel number 10),
which had larger bandwidths and thus produced higher
output levels for broadband stimuli, inhibition was
greater for MOC1 or MOC2 processors than for MOC3
processors (i.e., the maplaw parameter was overall
smaller in Fig. IN or Fig. 10 than in Fig. 1P). This is
because unlike the MOC1 or MOC2 strategies, where
parameter ¢ depended on the raw contralateral output
level, in the MOC3 strategy parameter, ¢ depended on
the contralateral output level normalized to the channel
bandwidth [Eq. (2)].

5. For lower-frequency channels (channel number 3), in-
hibition was greater for MOC3 than for MOC2 proces-
sors (i.e., the maplaw parameter was slightly smaller
in Fig. 1Y than in Fig. 1X) because of bandwidth
normalization.

6. For the normalization frequency channel (channel
number 5 in this example), the MOC2 and MOCS3 pro-
cessors had identical output envelopes (i.e., Fig. 1G was
identical to Fig. 1H) and maplaw values (i.e., Fig. 1S
was identical to Fig. 1T).

MOC processing can have several potential benefits over STD
processing. To better understand some of those benefits, Figure 2
zooms in the output envelopes for channel number 5 (the chan-
nel best conveying the vowel /a/ in the word sastre) over the time
period around the vowel /a/. Note that for this channel, MOC2
and MOC3 processors produced identical envelopes, hence the
overlap between the green and purple traces. MOC processing
involves greater contralateral inhibition for low than for high
input levels (Lopez-Poveda et al. 2016a). In this example, the
noise source was at —60° azimuth, hence closer to the left
ear. Therefore, the higher noise levels in the left ear inhibited
(reduced) the corresponding lower noise levels in right ear rela-
tive to the STD strategy at times before and after the vowel was
present. Similarly, the higher vowel levels in the right ear inhib-
ited (reduced) the corresponding vowel amplitudes in the left
ear (recall that the speech source was at +60° azimuth, hence
closer to the right ear). It is important to note that the reduc-
tion in vowel peaks was minimal in the ear closer to the speech
source (the right ear). Altogether, this enhanced the effective
SNR at the output of the MOC processors in the ear closer to the
speech source, the right ear in this case (see also Fig. 3). In other
words, the noise captured by the ear closer to the noise source
(which had the worse acoustic SNR) contributed to enhancing
the SNR in the ear closer to the speech source (which had the
better acoustic SNR). That is, the acoustically worse ear made
the acoustically better ear even better.

A second potential benefit from MOC processing is that it
involves overall less compression, thus more linear processing
than the STD processing (i.e., maplaw values are always equal
or lower for the MOC than for the STD processors in Fig. 1).
This is particularly true for the lower-frequency channels,
where speech envelope cues are more salient. As shown by the
inset in Figure 2A, this can enhance the representation of the
vowel envelope, which is the acoustic cue that most current CI
users rely on to understand speech.

The two benefits just described could be regarded as mon-
aural benefits. A third potential benefit is binaural. The mutual
inhibition involved in MOC processing can enhance the inter-
aural level differences (ILDs) dynamically and on a channel-by-
channel basis, as revealed by the fact that the maplaw values in
Figure 1 were different for the two ears.

Figure 2 also serves to illustrate some of the main differences
across MOC processors. Compared with an STD processor,
MOC processing can reduce the speech level (thus the SNR) in
the ear further away from the speech source. This is shown in
Figure 2B, where the amplitudes over the time when the vowel
was present were lower for the MOCI strategy than for the STD
strategy. This potentially detrimental effect, however, is less sig-
nificant for the slower MOC2 or MOC3 processors than for the
faster MOC1 processors (see also Fig. 3). In addition, the faster
contralateral inhibition in the MOCI strategy could potentially
distort the speech envelopes more than the slower contralateral
inhibition in the MOC2 or MOCS3 strategies.

Figure 3 summarizes the effects and benefits of MOC pro-
cessing just described by showing plots of compressed enve-
lopes for different frequency channels as a function of time for
the various processing strategies. Spatial color smoothing was
used to improve the representation. The figure shows the fol-
lowing: (1) noise levels were overall lower for any MOC proc-
essor than for the STD processors, particularly in the right ear.
(2) In the ear closer to the target source (the right ear in this
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Fig. 2. Zoomed-in view of the compressed envelopes for channel number 5 shown in Fig. 1. Each panel shows envelopes for the STD, MOC1, MOC2, and
MOCS3 strategies. Envelopes were identical for the MOC2 and MOC3, hence the overlap between corresponding traces. The gray rectangles near the abscis-
sae depict periods when the noise or the vowel /a/ were present. A, Envelopes for the right ear. B, Envelopes for the left ear. The inset in each panel illustrates
a zoomed-in view of the envelopes over the area depicted by the corresponding rectangle. MOC indicates medial olivocochlear; MOCT, original fast MOC
strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the

higher-frequency channels; STD, standard

example), the MOC strategies provided a better SNR than the
STD strategy. (3) With MOC processing, some of the main
speech features were inhibited in the left ear, particularly for the
MOCT1 and MOC?2 strategies and less so for MOC3 strategy. As
a result, the SNR in the left ear was higher for the MOC3 than
for the MOC1 or MOC2 strategies. (4) In the right ear and in the
lower-frequency channels (e.g., channel number 4), noise levels
were lower for the MOC3 than for the MOC1, MOC2, or STD
strategy. Altogether, it seems that the MOC3 processor provided
the highest SNR in the right ear with minimal or no inhibition of
speech cues in the left ear.

MOC processing can have one additional benefit (relative
to STD processing) not seen in the output envelopes (not seen

in Fig. 1, Fig. 2, or Fig. 3): the use of overall lower stimulation
levels, particularly at times when noise was not present, could
release auditory nerve neurons from adaptation, allowing them
to better encode the speech envelope. Indeed, of the benefits
just described, this neural antimasking effect is the main mech-
anism and benefit attributed to the MOC reflex in the literature
(reviewed by Liberman & Guinan 1998; Lopez-Poveda 2018).

RESULTS

In this section, we first compare the SRTs for the various
MOC strategies with those for the STD strategy in unilateral
and bilateral listening. Then, we analyze the potential advantage
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Fig. 3. Output envelopes for STD, MOC1, MOC2, and MOC3 processors with 10 frequency channels. The stimulus was as in Fig. 1. Each panel shows enve-
lopes at the output of the maplaw as a function of frequency channel number and time. Color illustrates amplitude in units of dB FS, and spatial smoothing was
applied to improve the view. Each row is for a different processing strategy, as indicated at the top of each panel. Left and right panels illustrate results for the
left- and right-ear processors, respectively. As a reference, the top panels illustrate results for the STD strategy and for the word in quiet. All other panels illus-
trate results for the word and noise at =20 dB FS (0 dB SNR). FS indicates full scale; MOC, medial olivocochlear; MOCT, original fast MOC strategy; MOC2,
slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the higher-frequency

channels; SNR, signal-to-noise ratio; STD, standard.

of listening with two ears versus one ear with the tested pro-
cessing strategies.

SRTs in Unilateral Listening

The top row in Figure 4 shows individual SRTs in unilat-
eral listening (with the self-reported better ear) with the STD
strategy. Each panel is for a different spatial configuration, as
indicated at the top of each column. Recall that each value is the
mean of at least three measurements, except for the two children

(SA012 and SA013) for whom only one SRT was obtained
per spatial configuration. Rows 2 to 4 in Figure 4 illustrate the
SRT improvement or “benefit” (in decibels) relative to the STD
strategy provided by the MOC1, MOC2, and MOC3 strategies,
respectively. The benefit was calculated as follows:

SRT,,,. [dB]=SR Ty, [dB SNR]-SRTy,0 [dB SNR] (3

Therefore, positive values indicate better intelligibility in noise
(lower SRTs) with the corresponding MOC strategy than with
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the STD strategy, while negative values indicate worse intelligi-
bility (higher SRTs) with the MOC than with the STD strategy.
Figure 5 shows group mean results.

For the S N, spatial configuration (i.e., the most adverse lis-
tening condition with the speech source in front and the noise
source at 60° toward the listening ear), the MOCI strategy
was disadvantageous for all participants (Fig. 4F). This is con-
sistent with STOI simulations (see Fig. 5D in Lopez-Poveda &
Eustaquio-Martin 2018) and was expected because the MOC1
strategy decreases the signal information in the ear contralateral
to the speech source (compare the speech features in Fig. 3C
and Fig. 3E). In contrast, SRTs were equal or better (up to 4
dB better for participant SA012) with the MOC2 than with the
STD strategy (Fig. 4K) and equal or better (up to 2.3 dB bet-
ter for participant SA015) with the MOC3 than with the STD
strategy for all bilateral CI users (Fig. 4P). Even though the two
unilateral CI users (SA006 and SA007, light color bars) did
not benefit from MOC processing in this spatial configuration,
their SRTs were nonetheless better with the MOC2 or MOC3
strategies than with the MOCT strategy. On average, SRTs were
4.2 dB worse with the MOC1 than with the STD strategy but
slightly better (<1 dB) with the MOC2 or MOC3 than with the
STD strategy (Fig. 5SB).

For speech and noise sources colocated in front of the par-
ticipants (S N,), many participants performed worse (up to 4.7
dB for participant SA009) with the MOC1 than with the STD
strategy (Fig. 4G). This was expected based on earlier studies
(Lopez-Poveda et al. 2016a) and STOI simulations (Fig. 5D in
Lopez-Poveda & Eustaquio-Martin 2018) and possibly reflects
reduced audibility and/or envelope distortion with the MOC1
strategy when the stimulus is identical at the two ears. By con-
trast, many participants benefited slightly from the MOC2 or the
MOCS3 strategies. Indeed, all bilateral CI users except SA012
showed equal or better SRTs with the MOC3 than with the STD
strategy (Fig. 4Q). On average, SRTs were slightly worse with
the MOC1 than with the STD strategy but slightly better with
the MOC3 than with the STD strategy (Fig. 5B).

For the S N_,, spatial configuration (speech source in front
with the noise source at 60° on the side contralateral to the CI),
SRTs were generally worse with the MOC1 or MOC2 strategies
than with the STD strategy (Fig. 4H, M). However, some partic-
ipants benefited from the MOCS3 strategy (Fig. 4R). This pattern
of results was unexpected based on STOI simulations, which
predicted SRT improvements of up to 6 dB for all MOC strate-
gies (Fig. 5 in Lopez-Poveda & Eustaquio-Martin 2018). The
reason for the discrepancy between the present experimental re-
sult and the STOI prediction is uncertain. STOI disregards the
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Fig. 4. Intelligibility in unilateral listening for individual participants. Row 1 (panels A to E), SRTs for the STD strategy. Each panel is for a different spatial con-
figuration of the speech and noise sources, as indicated at the top. Rows 2 to 4 (panels F to T), SRT improvement relative to the STD strategy for the different
MOC strategies (MOC1, MOC2, and MOC3). Data are shown for eight bilateral (darker bars) and two unilateral CI users (SA006 and SA007, lighter bars). Error
bars illustrate 1 standard error of the mean. Cl indicates cochlear implant; MOC, medial olivocochlear; MOCT, original fast MOC strategy; MOC2, slower
MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the higher-frequency channels;
N, noise; S, speech; SNR, signal-to-noise ratio; SRT, speech reception threshold; STD, standard.
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effect of stimulation level on intelligibility, and the mutual in-
hibition between MOC processors causes stimulation level to
be lower for the MOC than for the STD strategies. Therefore,
perhaps, the speech level delivered by the MOC strategies was
significantly more reduced in this than in other spatial configu-
rations and hindered speech audibility.

For the S, N_ and S, N__ spatial configurations, some par-
ticipants beneﬁted from MOC processing, but others did not.
Altogether, there was no clear benefit or disadvantage of MOC
processing compared with STD processing (see also the mean
SRT improvement in Fig. 5B).

A two-way RMANOVA was conducted to test for the effects
of processing strategy (STD, MOC1, MOC2, and MOC3), spa-
tial configuration (SN, S N, SN_, S .N_,and S, N_ ), and
their interaction on the group mean SRTs. The RMANOVA re-
vealed a significant effect of strategy [F(3,27) =4.34,p=0.013],
spatial configuration [F(2.5,22.1) = 190.60, p < 0.001], and a

significant interaction between processing strategy and spatial

configuration [F(12,108) = 5.83, p < 0.001]. A pairwise post
hoc analysis with Bonferroni correction for multiple compari-
sons revealed that (1) the mean SRT for any strategy was not
significantly different from the mean SRT for any other strategy
(p > 0.05), except that the mean SRT was higher (worse) for the
MOCT than for the MOCS3 strategies (—0.3 versus —1.7 dB SNR,
p =0.027); and (2) the mean SRT for any spatial configuration
was different from the mean SRT for any other spatial config-
uration (p < 0.001), except SN versus S, N - (mean SRTs
across participants and processors were 5.0, 1.5, =2.7, 2.5, and
—6.5 dB SNR for SN, ,, SN, SN ., SN ,and S N . r
spectively). Because SRTs tended to improve (become lower)
with increasing the spatial separation between speech and noise
sources, the latter confirmed that there was significant spatial
release from masking.

A post hoc analysis of the interaction between strategy and
spatial configuration showed a significant effect of processing
strategy only forS N and producedthe followingp values: p(STD
versus MOC1) < 0.001; p(STD versus MOC2) = 1.00; p(STD
versus MOC3)=1.00; p(MOCI versus MOC2)<0.001; p(MOC1
versus MOC3) < 0.001; and p(MOC2 versus MOC3) = 1.00.
In other words, this analysis showed that for the S N, spatial
configuration (the most adverse listening condition with the
speech source in front and the noise source at 60° toward the
listening ear), the mean SRT was higher (worse) for the MOC1
strategy than for any other strategy (Fig. 5). For the other spa-
tial configurations tested, the effect of strategy on SRT was not
significant.

SRTs in Bilateral Listening

Figure 6 shows individual results in bilateral listening. The
layout is the same as Figure 4. The top row shows individual
SRTs for the STD strategy, while rows 2 to 4 illustrate the
SRT improvement or benefit (in decibels) relative to the STD
strategy provided by the MOC1, MOC2, and MOCS3 strategies,
respectively. Figure 7 shows corresponding group mean results.

For colocated speech and noise sources (SN, condition),
the MOCI strategy was disadvantageous compared to the STD
strategy (the mean benefit was negative and equal to —0.9 dB,
Figure 7), but the MOC2 and MOCS3 strategies were beneficial
(the mean SRT improvement was 1.7 and 1.8 dB, respectively).
The MOC2 and MOCS3 strategies were beneficial not only on
average but also for most individual participants (Fig. 61, M).
The exception was SA010 with the MOC?2 strategy. The benefit
varied between 0 and 4 dB, depending on the participant. The
largest benefits were for participant SA012 with the MOC2 and
MOCS3 strategies (3.9 and 4.0 dB, respectively).

For spatially separated speech and noise sources (S, .N_,,,
SeN_ and S, N - conditions), the group mean SRTs were bet-
ter (lower) for all MOC strategies than for the STD strategy for
all spatial configurations. With a few exceptions, a benefit was
observed for each individual participant.

The RMANOVA test revealed a significant effect of
strategy [F(3,21) = 10.93, p < 0.001] and spatial configuration
[F(1.43,10) = 87.27, p < 0.001] on group mean SRTs. The in-
teraction between strategy and spatial configuration was also
significant [F(9,63) = 2.83, p = 0.007].

Post hoc pairwise comparisons, with Bonferroni correction,
revealed that the SRTs measured with the MOC1, MOC2, and
MOCS3 strategies were not significantly different from each other
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Fig. 6. Intelligibility in bilateral listening for individual participants. The layout is the same as Fig. 4. MOC indicates medial olivocochlear; MOCT, original fast
MOC strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in
the higher-frequency channels; N, noise; S, speech; SRT, speech reception threshold; STD, standard.

[p(MOC1 versus MOC2)=1.00; p(MOCI1 versus MOC3)=0.29;

p(MOC2 versus MOC3) = 0.50]. In addition, it revealed that the
SRTs for the MOC2 and STD strategies were not significantly
different from each other [p(STD versus MOC2) = 0.10]. How-
ever, the mean SRT for the MOCI strategy was significantly
lower (better) than the mean SRT for the STD strategy (—5.3
versus —4.5 dB SNR, p = 0.024). The mean SRT for the MOC3
strategy was also significantly lower than the mean SRT for the
STD strategy (—6.1 versus —4.5 dB SNR, p = 0.003). Indeed,
except for the MOC1 at S N, the mean SRTs for all other con-
ditions were lower (better) for the MOC1 and MOC3 than for
STD strategy. This confirms that the MOC1 and MOCS3 strate-
gies produced significantly better speech-in-noise recognition
than the STD strategy (Fig. 7).

Pairwise post hoc comparisons, using the Bonferroni cor-
rection, also revealed that SRTs were significantly different
(p <0.05) for every pair of spatial configurations except S, N_ |
versus S, N (p = 0.10). In other words, there was significant
spatial release from masking between SN, S /N ., and S, N,
but not between S, N_ and S, N_,/

Binaural Advantage

The term “binaural advantage” refers to the improvement in
speech-in-noise intelligibility gained from listening with two
ears compared with listening with one ear (e.g., Loizou et al.
2009; Avan et al. 2015). In this section, we address the ques-
tion: what is the effect of the processing strategy on the binaural
advantage?

The top panels in Figure 8 show the mean SRTs in noise
for the STD, MOCI1, MOC2, and MOC3 strategies in unilat-
eral (open symbols) and bilateral listening (filled symbols) for
the spatial configurations tested in the two listening modali-
ties. Each data point is the group mean for the eight bilateral
CI users. The bottom panels in Figure 8 show the difference
between SRTs in unilateral minus bilateral listening (i.e., the
binaural advantage). Overall, bilateral listening tended to be
more advantageous over unilateral listening for spatially closer
than for spatially separated speech and noise sources (recall that
for spatially separated sources, the target was always closer to
the self-reported better ear). For colocated speech and noise
sources (S N, condition), bilateral listening tended to be more
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Fig. 7. Group mean intelligibility scores in bilateral listening. Each point is
the mean for eight bilateral CI users. The layout is the same as Fig. 5. The
dotted lines in panel A illustrate that at a fixed SNR of about -3 dB, the
angular separation between the speech and noise source (a) to achieve
50% correct sentence recognition would be narrower for the MOC3 than
for the STD strategy (o, < ). Cl indicates cochlear implant; MOC,
medial olivocochlear; MOCT, original fast MOC strategy; MOC2, slower
MOC strategy; MOC3, slower MOC strategy with comparatively greater
contralateral inhibition in the lower-frequency than in the higher-frequency
channels; N, noise; S, speech; SNR, signal-to-noise ratio; SRT, speech re-
ception threshold; STD, standard.

advantageous for the MOC2 and MOCS3 strategies than for the
MOCIT or STD strategies. For spatially separated speech and
noise sources (S ;N . and S N . conditions), bilateral lis-
tening tended to be more advantageous for the MOC strategies
than for the STD strategy.

An RMANOVA was conducted to test for the effects of lis-
tening modality (unilateral versus bilateral), spatial configura-
tion (SN, S, .N_., S, )N_,,), and their interaction on the group
mean SRT. A separate test was conducted for each processing
strategy. Table 2 shows the results. Significant effects are high-
lighted using bold font. SRTs decreased with increasing the
spatial separation between the speech and noise sources, and
the effect of spatial configuration was statistically significant
for all four strategies. This shows that spatial release from
masking was significant for all strategies. SRTs were equal
or lower with two than with one CI, but the effect of listening
modality was statistically significant only for the MOC2 and
MOCS3 strategies, indicating that only the MOC2 and MOC3
strategies provided a statistically significant binaural advantage.

The interaction between spatial configuration and listening con-
dition was significant only for the MOC2 strategy, indicating
that for this strategy, the binaural advantage depended on the
spatial configuration. A post hoc comparison, using the Bonfer-
roni correction method, indicated that for the MOC2 strategy,
bilateral listening improved intelligibility when the speech and
the noise sources were colocated (S N: p = 0.007) or separated
by 30° (S ,N_,;: p=0.017), but not when they were separated by
120° (S, N_,: p = 0.210).

Altogether, the present analysis demonstrates that only the
MOC2 and MOCS3 strategies produced a statistically significant
binaural advantage, that is, better (lower) SRTs with two Cls
than with one CI. The magnitude of the advantage decreased
with increasing the spatial separation between the speech and
noise sources.

A post hoc analysis of the data in Figure 8, with Bonfer-
roni correction for multiple comparisons, revealed statistically
lower (better) SRTs in bilateral than in unilateral listening
for the SN, condition for the MOC2 (p = 0.013) and MOC3
(» = 0.001) strategies but not for the STD (p = 0.061) or the
MOCI (p = 0.336) strategy. In addition, it revealed better SRTs
in bilateral than in unilateral listening for the S N_,. condition
for the MOC2 (p = 0.031) and the MOC3 (p = 0.023) strategies
but not for the STD (p = 0.975) or the MOCI1 (p = 0.468) strate-
gies. For the S, N_ condition, SRTs in bilateral listening were
not statistically different from those in unilateral listening condi-
tion for any of the strategies (STD, p = 0.829; MOC1, p =0.437;
MOC?2, p = 0.534; MOC3, p = 0.354). In other words, a bin-
aural advantage was observed in the SN, and S N_ . condi-
tions but only with the MOC2 and MOC3 strategies and was

not observed in the S, N_ condition with any of the strategies.

DISCUSSION

We have shown in previous studies that, compared with
using two independently functioning sound processors (STD
strategy), the binaural MOCI strategy improves SRTs for spa-
tially separated speech and masker sources both in bilateral lis-
tening and in unilateral listening with the ear having the better
SNR (Lopez-Poveda et al. 2016a, 2017). The MOCI1 strategy,
however, produces equal or worse SRTs for colocated speech
and noise sources and theoretically can decrease the SNR in
the ear with the worse acoustic SNR. The present study aimed
at investigating if the benefits of MOCI processing could be
enhanced and its shortcomings overcome by using more re-
alistic implementations of MOC processing, in particular, by
using slower control of compression alone (MOC?2 strategy) or
combined with greater effects in the lower-frequency than in the
higher-frequency channels (MOC3 strategy).

The main findings were as follows:

1. In bilateral listening and for spatially separated speech
and noise sources, SRTs were better (lower) with the
MOCT than with the STD strategy (Fig. 7). This finding
is consistent with the results of previous studies (Lopez-
Poveda et al. 2016a, 2017).

2. Inunilateral listening with the ear having the better SNR,
SRTs were not significantly different for the MOC1 and
the STD strategy for spatially separated speech and
noise sources (Fig. 5). This may seem inconsistent with
our previous study that reported the MOCI to be ad-
vantageous over the STD strategy in similar conditions
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Fig. 8. Top, Group mean SRTs in unilateral and bilateral listening. Each panel is for a different strategy, as indicated at the top of the panel. Bottom, Mean
binaural advantage calculated as the difference in mean SRT for unilateral listening minus bilateral listening. Positive values indicate better (lower) SRTs when
listening with two rather one ear. Error bars illustrate 1 standard error of the mean. MOC indicates medial olivocochlear; MOCT, original fast MOC strategy;
MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the higher-
frequency channels; N, noise; S, speech; SRT, speech reception threshold; STD, standard.

(Lopez-Poveda et al. 2016a). However, the spatial con-
figurations were actually different for the two studies.
Indeed, except for the SN spatial configuration, none
of the present unilateral listening conditions have been
previously tested in combination with a speech-shaped
noise masker.

3. In unilateral listening with the ear having the worse
acoustic SNR (S N, condition), SRTs were worse for
the MOCI1 than for the STD strategy but became equal
or slightly better for the MOC2 or MOCS3 strategies than
for the STD strategy (Fig. 5). This finding confirms an
expected, but yet untested, shortcoming of the MOCI1
strategy (Lopez-Poveda et al. 2016a, 2016b). It also pro-
vides experimental support to a prediction made with
STOI that the shortcoming in question can be overcome
by using slower contralateral control of back-end com-
pression (Lopez-Poveda and Eustaquio-Martin 2018).

4. In bilateral listening, the MOCI1 strategy was advan-
tageous over the STD strategy for spatially separated
speech and noise sources but not for colocated speech
and noise sources, where the mean SRT was slightly
worse (0.9 dB higher) for the MOCI than for the STD
strategy (Fig. 7). The MOC3 strategy, however, was ad-
vantageous over the STD strategy for all spatial con-
figurations tested, including the colocated condition. On
average, the MOCS3 strategy improved SRTs by 1.6 dB
with respect to the STD strategy. This provides experi-
mental support to a second prediction made with STOI
that another shortcoming of the MOCT1 strategy (namely,
slightly worse SRTs relative to the STD strategy for
colocated speech and noise sources) can be overcome
by using slower control of compression combined with

greater effects in the lower-frequency than in the higher
frequency channels (Lopez-Poveda and Eustaquio-Mar-
tin 2018).

5. All tested strategies (STD, MOC1, MOC2, and MOC3)
produced significant spatial release from masking, both
in unilateral (Fig. 5) and bilateral listening (Fig. 7)
modes.

6. A statistically significant binaural advantage (i.e., bet-
ter—lower—mean SRTs across spatial configurations
and participants in bilateral than in unilateral listening)
was found for the MOC2 and MOC3 strategies but not
for the STD or MOCT strategies (Fig. 8).

7. The binaural advantage with the MOC2 and MOC3
strategies was significant for colocated (SN, and spa-
tially close (S,;N_,,) speech and noise sources but not
for well-separated sources (S, N_,) (Fig. 8).

Compared with our earlier experimental studies of the MOC1
strategy, the present tests were conducted on a different group
of CI users and involved additional spatial configurations of the
speech and noise sources. Altogether the present data broadly
confirm the benefits and shortcomings of the MOCI strategy
relative to STD strategy. They further show that the benefits
of MOCI processing may be enhanced and its shortcomings
overcome by using more realistic implementations of MOC
processing.

Spatial Release From Masking

Spatial release from masking (or the benefit obtained from
separating the speech and noise sources in space) is often quan-
tified as the difference in SRT for spatially colocated speech
and noise sources (SN ) minus the SRT for spatially separated
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TABLE 2. Results of two-way RMANOVA tests for the effects of spatial configuration (SN, S,.N

vs. bilateral listening), and their interaction on group mean SRTs

5 SgoN_go)» listening modality (unilateral

Strategy N Listening Modality Spatial Configuration Interaction

STD 8 F(1,7)=2.78,p = 0.139 F(2,14) = 143.96, p < 0.001 F(2,14)=1.57, p = 0.240
MOCH1 8 F(1,7)=2.89,p =0.130 F(2,14) = 106.22, p < 0.001 F(2,14) = 0.36, p = 0.700
MOC2 8 F(1,7) = 10.36, p = 0.014 F(2,14) = 97.28, p < 0.001 F(2,14) = 4.32, p = 0.034
MOCS3 8 F(1,7) = 20.22, p = 0.003 F(2,14) = 88.06, p < 0.001 F(2,14) = 2.86, p = 0.091

A separate test was conducted for each processing strategy (STD, MOC1, MOC2, and MOCS3). Statistically significant effects are indicated using bold font.
MOC, medial olivocochlear; MOC1, original fast MOC strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-
frequency than in the higher-frequency channels; N, noise; RMANOVA, repeated-measures analysis of the variance; S, speech; SRT, speech reception threshold; STD, standard.

sources (see, for example, Fig. 4 in the review of Litovsky &
Gordon 2016). According to this definition, the data in Figure 7
show that the mean spatial release from masking in bilateral lis-
tening for the S, N versus S N conditions was largest for the
MOCT strategy (8.6 dB), smallest for the MOC2 strategy (5.2
dB), and midrange and comparable for the STD (6.4 dB) and
MOCS3 (6.2 dB) strategies. Two comments are in order. First,
spatial release from masking was largest for the MOC1 strategy
because SRTs in the colocated condition were worst with this
strategy. Second, the similarity between the magnitude of spa-
tial release from masking for the STD and MOC3 strategies
does not faithfully reflect the interaction between processing
strategy and target-masker angular separation in situations
where the SNR is fixed. Because mean SRTs for the reference
condition (SN ) were lower (better) for the MOC3 than for the
STD strategy, at a fixed SNR, bilateral CI users would be able
to recognize 50% of the sentences with a smaller angular sepa-
ration when using the MOC3 than when using the STD strategy.
For example, the dotted lines in Figure 7A illustrate that at
—3 dB SNR, bilateral CI users would need speech and noise
sources to be more widely separated with the STD than with
the MOC3 strategy (approximately 30° versus 0°) to achieve
50% correct sentence recognition. Therefore, we would expect
that in more realistic listening situations where the SNR and
the speech-noise angular separations are both fixed, bilateral CI
users would likely recognize a greater proportion of speech with
the MOC3 than with the STD strategy.

Binaural Advantages of MOC Processing

Only the MOC2 and MOCS3 strategies provided a statisti-
cally significant binaural advantage and only in the S N, and
the S N_ . conditions. A comparison of the present results
with other studies (e.g., Tyler et al. 2002; Schleich et al. 2004;
Litovsky et al. 2006; Buss et al. 2008; Loizou et al. 2009) is not
straightforward because other studies involved different scoring
(e.g., percent correct rather than SRT measurements), different
spatial configurations (e.g., speech sources directly in front with
noise sources on the sides), and/or users of clinical devices with
several different technologies. Nonetheless, insofar as a com-
parison is possible, the present data for the STD strategy (the
one closer to the current clinical standard in MED-EL devices)
seem broadly consistent with those reported elsewhere. For ex-
ample, Schleich et al. (2004) measured SRTs for 21 bilateral
users of MED-EL clinical CIs in the free field and using the
Oldenburg sentence test. For the S N condition, they reported
mean SRTs of —1.2 and 0.9 dB SNR in bilateral and unilateral
listening, respectively, hence a binaural benefit of 2.1 dB. These
values are not far from the present mean figures (SRTs of —0.9

and 1.4 dB SNR in bilateral and unilateral listening, respec-
tively; and binaural benefit of 2.3 dB; Fig. 8E). In addition, for
the SN_,, condition, Schleich et al. reported a mean SRT of
—2.9 dB SNR when listening with the acoustically better ear
(the right ear), which is not far from the mean SRT of —3.4 dB
SNR for the most similar condition (unilateral listening in the
S,N_, spatial configuration). Altogether, the similarity of the
present data with the data of Schleich et al. supports the pre-
sent findings and allows us to be optimistic that similar findings
might be obtained in an eventual testing of the MOC strategies
in the free field.

Compared with the STD strategy, the best MOC strategy
(MOC3), and in general all MOC strategies, produced overall
larger benefits in bilateral (Fig. 7) than in unilateral (Fig. 5)
listening. The reason is unclear. The STD strategy was most
similar to the audio processing strategies worn by the partici-
pants in their clinical devices, and unilateral listening tests were
conducted before bilateral listening tests. Therefore, perhaps,
participants were more used to MOC processing by the time
that bilateral listening tests were conducted. This explanation,
however, is not fully convincing because the pattern of results
was broadly similar for the last block of unilateral listening
tests (block number 3) and the first block of bilateral listening
tests (block number 4), which were conducted consecutively.
The pattern of results was also similar for the two last blocks of
unilateral and bilateral listening tests (block numbers 3 and 6,
respectively), when participants were presumably fully accus-
tomed to the strategies.

An alternative interpretation for the greater benefit of
MOC processing (relative to the STD strategy) in bilateral
than in unilateral listening is that MOC processing provided
little or no SNR improvement (relative to the STD strategy)
in the ear with the better acoustic SNR but improved the SNR
in the ear with the worse acoustic SNR and/or conveyed more
natural binaural information. Of these two options, the first
is unlikely to occur because, as shown in Figure 3 and by
Lopez-Poveda and Eustaquio-Martin (2018), MOC processing
reduces (MOC1) or slightly improves (MOC2 and MOC3) the
speech information in the ear with the worse acoustic SNR.
Indeed, when listening with the ear having the worse acoustic
SNR (S,N,, condition in Fig. 5), mean SRTs were worse for
the MOCI strategy or only slightly better for the MOC2 and
MOCS3 strategies than those for the STD strategy. Arsenault
and Punch (1999) reported that normal-hearing listeners show
better speech-in-noise recognition with natural binaural cues
than when the stimulus at the ear with the better acoustic SNR
is presented diotically. Therefore, the more parsimonious ex-
planation for the greater benefit of MOC processing (relative
to the STD strategy) in bilateral than in unilateral listening
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is that MOC processing provided more natural binaural cues
than the STD strategy.

Limitations

Given the limited number of sentence lists in the HINT
corpus, we had to use the sentence lists multiple times to com-
plete the comprehensive protocol. It is likely that participants
learnt many of the sentences during testing. This may have
turned the test from being “open set” at the beginning of test-
ing to something more like “closed set” toward the end. As a
result, the reported SRTs are probably lower than they would
have been if we had not used the speech material repeatedly.
We are confident, however, that reusing the sentences did not
contribute to the reported differences in SRTs across strate-
gies (or spatial configurations) because any one testing block
involved testing all four processing strategies (and spatial
configurations) in random order, before moving on to the next
testing block. Therefore, the learning of the sentences and/or
the improvement in performing the sentence recognition task
would have affected all strategies and spatial configurations
similarly.

The changing compression is central to MOC processing.
It is known that different static compression values influ-
ence the SRT (e.g., Fu & Shannon 1998; Theelen-van den
Hoek et al. 2016). Here, compression in the STD processor
(i.e., the value of parameter ¢ in Eq. (1)) was set to a (fixed)
value that was not always the value used by the participants in
their clinical processors (see Materials and Methods). There-
fore, it remains unclear if any other static compression value
would have resulted in better SRTs. In other words, one might
wonder if the better performance with the MOC strategies
may be due to a suboptimal STD compression setting. While
possible, this is unlikely. First, we have previously shown that
the MOCI1 strategy can improve SRTs relative to the STD
strategy both for steady state noise maskers (Lopez-Poveda
et al. 2016a) and single-talker maskers (Lopez-Poveda et al.
2017), even when compression in the STD strategy is set
equal to that used by the participants in their clinical audio
processors. Second, we have previously shown that STOI
scores, which are an objective, thus patient-independent
measure of intelligibility, are greater with dynamic than with
fixed compression, and STOI scores are well correlated with
average patient performance (Lopez-Poveda and Eustaquio-
Martin 2018). Third, Figure 9 shows that STOI scores (com-
puted as described by Lopez-Poveda & Eustaquio-Martin
2018) are equal or higher for the MOC3 strategy than for an
STD strategy set with ¢ = 500, the typical value of the present
participants in their clinical audio processors. Altogether, this
suggests that the superior performance of MOC processing is
unlikely due to a suboptimal compression setting in the STD
strategy.

We note that the average benefits of MOC3 processing
(Figs. 5, 7) held for many individual CI users (Figs. 4, 6). This
seems remarkable considering that the STD strategy was the
most similar to the audio processing strategies worn by the
participants in their clinical devices and that participants were
not given much opportunity to become fully accustomed to the
MOC strategies before testing. For CI users, speech recognition
can improve significantly over time and with training (e.g., Dor-
man & Spahr 2006) and some benefits of bilateral implantation

are seen only one year after the start of CI use (e.g., Buss et al.
2008). Therefore, it is tempting to speculate that the benefits
from the MOCS3 strategy could become larger with training and/
or a sustained use of the strategy.

Comparison With Other Binaural Algorithms and Final
Remarks

There exist other sound processing approaches aimed at
bringing the performance of bilateral CI users closer to that of
listeners with normal hearing. Because the use of independent
compression at the two ears can distort ILD cues and degrade
speech-in-noise intelligibility (e.g., Wiggins & Seeber 2013),
one approach consists of using linked (equal) automatic gain
control (AGC) across the ears (e.g., Potts et al. 2019; Spencer
et al. 2019). Compared with using unlinked AGC, the use of
linked AGC can improve SRTs by 3.0 dB SNR for a speech
source at 10° azimuth presented in competition with continuous
four-talker babble at —70° azimuth (Potts et al. 2019). Another
approach consists of preprocessing the acoustic stimuli binau-
rally before stimuli at the two ears are encoded into electrical
pulses (reviewed by Baumgirtel et al. 2015a, 2015b). Binaural
steering beamformers designed to track a moving sound source
of interest in diffuse-field noise backgrounds can improve SRTs
by about 4.5 dB (Adiloglu et al. 2015), and other binaural pre-
processing strategies can improve SRTs up to 10 dB when the
target speech is presented in competition with single-talker
maskers (reviewed by Baumgirtel et al 2015a, 2015b).

A direct comparison of the benefit provided by those
approaches with that provided by MOC processing is hard
because different studies have used different tasks, mask-
ers, and/or spatial configurations. Insofar as a comparison is
possible, however, the average SRT improvement provided
by MOC processing (1.6 dB across the spatial configura-
tions tested here) appears smaller than the benefit provided
by those approaches. Binaural preprocessing strategies and
beamformers, however, typically require the use of multiple
microphones, speech detection and enhancement algorithms,
and/or making assumptions about the characteristics of the
target and/or the interferer sounds, or their spatial location
(Baumgirtel et al. 2015b). By contrast, an implementation of
the MOC strategy in a device would require one microphone
per ear, no a priori assumptions about the signal of interest, no
signal tracking, no complex preprocessing, and probably less
exchange of data between the ears.

The MOC strategy can improve intelligibility over the STD
strategy even when signals (and SNRs) are identical at the
two ears, such as in the S N, condition (Fig. 7). This possibly
reflects envelope enhancement due to the use of an overall
more linear maplaw and/or neural antimasking associated to
a reduced stimulation. Other benefits of MOC processing (see
Materials and Methods), however, require an ILD, as provided
by the head shadow. Insofar as the head-shadow ILDs can be
reduced by the use of independent (unlinked) AGCs and nat-
ural ILDs may be somewhat restored by using linked AGC
(Wiggins & Seeber 2013), MOC processing might provide
larger benefits when used in combination with linked AGC.
On the other hand, MOC processing, however, involves using
dynamic rather than fixed acoustic-to-electric maps. The pre-
sent evaluations involved implementing MOC processing
in combination with a CIS sound coding strategy. As far as
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short-term objective intelligibility.

the authors know, however, all current sound coding strate-
gies include acoustic-to-electric mapping at the back end of
processing (see, for instance, Fig. 2 in Wouters et al. 2015).
Therefore, MOC processing could be theoretically imple-
mented with any CI sound coding strategy that does not al-
ready utilize dynamic back-end compression. Further research
is necessary to investigate the potential benefits of combining
MOC processing with linked AGC, with preprocessing beam-
formers, and with other sound coding strategies.

CONCLUSIONS

The SNR at 50% HINT sentence recognition was compared
for CI users listening through experimental sound processing
strategies involving the use of two independently function-
ing sound processors, each with fixed compressive acoustic-
to-electric maps (the current clinical standard), or the use of
binaurally coupled processors with contralaterally controlled
dynamic compression inspired by the MOC reflex (the MOC
strategy). Three versions of the MOC strategy were tested: an
MOCT strategy with fast contralateral control of compression
(as proposed originally); an MOC?2 strategy with slower con-
trol of compression; and an MOC3 strategy with slower con-
trol of compression and greater effects in the lower-frequency
than in the higher-frequency channels. The main conclusions
are as follows:

1. In unilateral listening, performance was worse with the
MOCI1 than with STD strategy when the listening ear
had the worse acoustic SNR. By contrast, performance
with the MOC2 or MOC3 strategies was comparable to
that with the STD strategy in those same conditions.

2. In bilateral listening, performance was better with the
MOCT than with the STD strategy for spatially separated
speech and noise sources but not for colocated sources.

The MOC3 strategy, however, was advantageous over
the STD strategy for all spatial configurations tested, in-
cluding the colocated condition. On average, the MOC3
strategy improved SRTs by 1.6 dB with respect to the
STD strategy. This benefit was observed for most indi-
vidual CI users.

3. The two main disadvantages of the MOCI1 strategy rel-
ative to the STD strategy (namely, worse SRTs in bilat-
eral listening for colocated speech and noise sources;
and in unilateral listening when the listening ear had
the worse acoustic SNR) were overcome by using
longer time constants of activation and deactivation for
the contralateral inhibition (i.e., with the MOC2 and
MOCS3 strategies).

4. All processing strategies produced significant spatial
release from masking. However, in listening situations
where the SNR and the angular separation between the
speech and noise sources were both fixed, overall perfor-
mance was best with the MOC3 strategy.

5. The MOC2 and MOCS3 strategies produced a statisti-
cally significant binaural advantage, something that did
not occur with the STD or MOCI1 strategies.
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