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The relationship between ipsilateral cochlear gain reduction
and speech-in-noise recognition at positive and negative
signal-to-noise ratios
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ABSTRACT:

Active mechanisms that regulate cochlear gain are hypothesized to influence speech-in-noise perception. However,
evidence of a relationship between the amount of cochlear gain reduction and speech-in-noise recognition is mixed.
Findings may conflict across studies because different signal-to-noise ratios (SNRs) were used to evaluate speech-in-
noise recognition. Also, there is evidence that ipsilateral elicitation of cochlear gain reduction may be stronger than
contralateral elicitation, yet, most studies have investigated the contralateral descending pathway. The hypothesis
that the relationship between ipsilateral cochlear gain reduction and speech-in-noise recognition depends on the
SNR was tested. A forward masking technique was used to quantify the ipsilateral cochlear gain reduction in 24
young adult listeners with normal hearing. Speech-in-noise recognition was measured with the PRESTO-R sentence
test using speech-shaped noise presented at —3, 0, and +3 dB SNR. Interestingly, greater cochlear gain reduction
was associated with lower speech-in-noise recognition, and the strength of this correlation increased as the SNR
became more adverse. These findings support the hypothesis that the SNR influences the relationship between ipsi-
lateral cochlear gain reduction and speech-in-noise recognition. Future studies investigating the relationship between

cochlear gain reduction and speech-in-noise recognition should consider the SNR and both descending pathways.
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I. INTRODUCTION

The descending pathway of the peripheral auditory sys-
tem is known to modify the response characteristics of the
cochlea to optimize the coding of sound in the ascending
pathway (Dean et al., 2005). One example is the medial oli-
vocochlear reflex (MOCR), which adjusts the gain of the
cochlea in response to sounds. The MOCR is a bilateral
reflex that decreases the cochlear gain provided by the outer
hair cells via efferent pathways between the brainstem and
cochlea (for review, see Guinan, 2018; Lopez-Poveda,
2018). This gain reduction is frequency-specific to the place
of the eliciting sound in the cochlea (Cooper and Guinan,
2006). Relative to other cochlear mechanical responses, the
MOCR is sluggish with onset and offset delays of approxi-
mately 25ms (James et al., 2005; Backus and Guinan,
2006).

The MOCR has been hypothesized to serve several
functions. Physiological evidence from guinea pig and
mouse models indicates that strong MOCR activation is pro-
tective against hearing damage resulting from noise expo-
sure (Maison and Liberman, 2000; Taranda et al., 2009).
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Emerging evidence also indicates that the MOCR plays a
role in auditory attention and learning in humans as well as
mice (de Boer and Thornton, 2007, 2008; Terreros et al.,
2016). Finally, there is substantial evidence that the MOCR
improves auditory perception in noise. This function of the
MOCR is supported by physiological data showing that the
dynamic range of neural coding in noise improves when the
medial olivocochlear (MOC) fibers are stimulated with elec-
tric pulses (Nieder and Nieder, 1970; Winslow and Sachs,
1987) or contralateral noise (Kawase er al., 1993).
Supporting this hypothesis, deficits in localization (May
et al., 2004) and vowel discrimination (Dewson, 1968;
Hienz et al., 1998) in background noise have been shown in
animal models with MOC lesions.

In addition to animal studies, evidence that the MOCR
affects perception in noise has been documented in people
who have undergone vestibular neurectomy surgery.
Following surgery, these people are presumed to have
lesioned MOC neurons because efferent fibers travel with
the vestibular nerve. Therefore, any perceptual effects of the
MOCR should be disrupted. First, overshoot—a psycho-
physical measure related to cochlear gain—is reduced in
these patients (Zeng et al., 2000). Second, stimulation with
contralateral noise improved speech-in-noise performance
in the nonsurgical ears with intact MOC fibers but not in the
surgical ears with lesioned MOC fibers (Giraud et al.,
1997). This supports the hypothesis that the MOCR
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enhances speech-in-noise recognition. However, evidence to
the contrary comes from testing vestibular neurectomy
patients on a battery of psychoacoustic tasks, including but
not limited to tone detection in noise, overshoot, frequency
selectivity, and detection of expected or unexpected tones in
noise (Scharf et al., 1994, 1997; but see Chays et al., 2003).
These studies showed limited functional deficits post-
surgery compared to pre-surgery. One exception to these
general findings was an improvement in the detection of
unexpected tones post-surgery, which was interpreted as
evidence of a possible role of the MOCR for selective
attention.

To the extent that the MOCR is important for speech-
in-noise perception, it follows that individual differences in
reflex strength may be related to speech-in-noise recogni-
tion. To investigate this, studies have examined the relation-
ship between cochlear gain reduction and speech-in-noise
recognition. In many of these experiments, cochlear gain
reduction was quantified using evoked otoacoustic emis-
sions (OAEs), a noninvasive, physiological measure associ-
ated with cochlear gain. The typical OAE paradigm uses
noise in the contralateral ear to activate the contralateral
MOCR pathway and thereby reduces the level of emissions
in the test ear (Collet et al., 1990). Alternatively, cochlear
gain reduction has been quantified using ipsilateral psycho-
acoustic measures (DeRoy Milvae et al., 2015). The ipsilat-
eral descending pathway is of particular interest because
findings from animal models (e.g., Maison ef al., 2003) indi-
cate that it may be stronger than the contralateral descending
pathway.

Forward masking with a short-duration, off-frequency
masker is one psychoacoustic measure that has been used to
investigate the effects of cochlear gain reduction (e.g.,
Jennings and Strickland, 2012; Yasin et al., 2014) and the
strength of ipsilateral gain reduction across individuals (e.g.,
Krull and Strickland, 2008; Roverud and Strickland, 2010;
DeRoy Milvae et al., 2015; DeRoy Milvae and Strickland,
2018). To estimate ipsilateral cochlear gain reduction,
forward-masked tone-detection thresholds are compared
with and without a precursor—a preceding sound with
energy at the signal frequency. Because the masker is off-
frequency from the signal, it is processed linearly at the sig-
nal place. Therefore, any reduction in gain elicited by the
precursor should affect the signal but not the masker, which
allows one to infer a change in cochlear gain based on the
shift in signal threshold between conditions. In addition,
because the masker duration is short in this paradigm, there
is little-to-no possible MOC activity induced in the condi-
tion without a precursor. Thus, owing to the time course of
the MOCR, the forward masking provided by the masker
is assumed to be unrelated to cochlear gain reduction. A
similar estimate of cochlear gain reduction can also be mea-
sured with the masker removed from the paradigm, support-
ing this interpretation (DeRoy Milvae and Strickland, 2018).
Furthermore, the magnitude of the threshold shift with a pre-
cursor is consistent with the magnitude of cochlear gain
reduction (Jennings et al., 2009; Roverud and Strickland,
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2014). Additional evidence supports a contribution of gain
reduction to masked threshold shifts with a precursor. First,
as the precursor is separated in time from the masker and
signal (Roverud and Strickland, 2010) and as the precursor
duration is increased (Roverud and Strickland, 2014), there
are non-monotonicities in the signal threshold that are more
consistent with the timecourse of cochlear gain reduction
than with temporal integration. Second, precursors are
known to broaden psychophysical estimates of frequency
selectivity (Jennings et al., 2009; Jennings and Strickland,
2012), which is an effect that is consistent with a reduction
in gain.

We hypothesize that the signal-to-noise ratio (SNR) is
an important factor that influences the observed relationship
between individual gain reduction strength and speech-in-
noise recognition. First, it stands to reason that because the
outer hair cells provide more gain to low-level sounds than
to high-level sounds that cochlear gain reduction will affect
the perception of lower-level sounds to a greater extent than
higher-level sounds. It then follows that MOCR activation
may improve the SNR of the internal representation of
speech when it is more intense than the noise (turning down
the noise more than the speech over time) and decrease the
SNR of the internal representation of speech when it is less
intense than the noise. Figure 1 shows a schematic of this
hypothesized relationship between gain reduction and long-
term SNR. Gain reduction should have the greatest effect on
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FIG. 1. Schematics of the hypothesized relationship between the SNR and
gain reduction. The left panels show the cochlear input-output function
with full gain (gray solid lines) and gain reduction (black dotted lines).
Gain reduction reduces the output level of the lower-level input: speech-in-
noise at a negative SNR (A) and noise in the dips of the speech at a positive
SNR (B). The right panels show the overall output SNR for these scenarios.
Compared to full gain (gray bars), output SNR is hypothesized to decrease
with gain reduction (black bars) for a negative SNR (A) and increase with
gain reduction for a positive SNR (B).
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the lower-level segments in a speech-in-noise signal. When
the overall SNR is negative, the lower-level segments will
more often be comprised of speech-in-noise, whereas the
higher-level segments will more often be comprised of noise
only; therefore, the output SNR will decrease when the
MOCR is activated. When the overall SNR is positive, the
probabilities are reversed and the output SNR will increase
when the MOCR is activated. This idea is supported by
research with hearing technology that demonstrates how
amplitude compression systems can change the overall out-
put SNR (Souza et al., 2006; Naylor and Johannesson, 2009;
Alexander and Masterson, 2015; Watkins et al., 2018).
When these changes reduce the SNR, performance can
decline (Stone and Moore, 2003). However, this is likely a
simplistic view of antimasking due to the MOCR (for more
detailed explanations and models, see Messing et al., 2009;
Chintanpalli et al., 2012) because the temporal variations in
frequency and level present in speech may make it a poorer
elicitor of the MOCR than a continuous noise signal
(Liberman and Guinan, 1998).

Most of the studies that have investigated the relation-
ship between cochlear gain reduction strength and speech-
in-noise recognition have used contralateral suppression of
transient-evoked otoacoustic emissions (TEOAEs) to quan-
tify the amount of gain reduction. As shown by the summary
in Table I, the results from these studies are mixed. Some
studies found that larger gain reduction estimates are related
to better performance on speech-in-noise tests (Giraud et al.,
1997; Kumar and Vanaja, 2004; Yilmaz et al., 2007; de
Boer and Thornton, 2008; Abdala et al., 2014; Mishra and
Lutman, 2014; Bidelman and Bhagat, 2015; Maruthy et al.,
2017; Mertes et al., 2019). Other studies found the opposite
relationship (de Boer er al., 2012; DeRoy Milvae et al.,
2015) or no relationship (Harkrider and Smith, 2005;
Mukari and Mamat, 2008; Wagner et al., 2008; Stuart and
Butler, 2012; Mishra and Lutman, 2014; Mertes et al., 2018;
Mertes et al., 2019). It appears from this body of research
that a relationship between MOCR activation and speech-in-
noise recognition is possible, but there is no clear consensus
on what situations might benefit from MOCR activation.
The studies differ in the SNRs tested, speech materials used,
types of noises used, monaural or binaural nature of the
speech perception measures, ages of the participants, and
measures of cochlear gain reduction. This makes it difficult
to elucidate the nature of the relationship between individual
reflex strength and speech-in-noise recognition.

Mertes et al. (2018) recently examined the relationship
between contralateral suppression of TEOAEs and speech-
in-noise recognition at two SNRs and for two types of
speech materials (words and sentences). They did not find a
significant relationship between cochlear gain reduction and
percent-correct scores for either type of speech material
across the individual SNRs, but they did find a significant
relationship between the slope of the psychometric function
for speech-in-noise recognition and contralateral suppres-
sion of TEOAEs. They interpreted this result as indicating
that individuals with stronger gain reduction have greater
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improvement in speech-in-noise perception as SNR
increases. A later experiment that investigated a larger range
of negative SNRs found no significant relationship between
the slopes of the psychometric function and contralateral
suppression (Mertes et al., 2019). These contradictory
results may be related to differences between the partici-
pants across the two studies with younger adults participat-
ing in the second study. However, both studies suggest that
performance at an individual SNR and cochlear gain reduc-
tion are unrelated. This finding may have been limited by
the range of SNRs explored, which were all negative; per-
haps more ecological SNRs are necessary to measure a
benefit.

The present study builds on previous research by
including ipsilateral, forward masking measures of cochlear
gain reduction and measuring speech-in-noise recognition at
negative, zero, and positive SNRs for monaural noise condi-
tions. With our approach, we examined the effect of the
SNR on the relationship between these measures and
matched the efferent pathway that is most likely activated
during the gain reduction and speech-in-noise tests. It was
hypothesized that stronger cochlear gain reduction would be
associated with speech understanding benefits at positive
SNRs and detriments at negative SNRs.

Il. METHODS
A. Participants

Twenty-four participants completed this experiment.
Five of these participants (P1, P6, P7, P8, and P24) also
completed a previously published experiment (DeRoy
Milvae and Strickland, 2018; as P2, P4, P5, P3, and P6,
respectively), therefore, psychoacoustic gain reduction esti-
mates at 2 kHz for these participants are shared between the
two experiments. Participants’ ages ranged from 18 years
old to 25years old (median age of 20years old), 71% of
them were female (17 of 24), and 92% of them were right-
handed (22 of 24). All participants were native speakers of
English and required to have audiometric thresholds <15 dB
hearing level (HL) from 0.25 to 8 kHz (the one exception
was P13, who had a threshold of 20dB HL at 1kHz in the
left ear). To control for potential middle-ear muscle con-
founds, all participants were also required to have ipsilateral
and contralateral acoustic reflex thresholds (measured with
clinical immittance equipment) for a broadband noise stimu-
lus >60dB SPL. The average measures for the left ipsilat-
eral [M =83 dB SPL, standard deviation (SD) =8 dB], right
ipsilateral (M =82dB SPL, SD=6dB), left contralateral
(M =95dB SPL, SD =7 dB; no response for one participant
excluded from mean), and right contralateral (M =97 dB
SPL, SD=5dB; no response for 3 participants excluded
from mean) acoustic reflex thresholds were typically well
above this cutoff. Finally, all participants had present distor-
tion product otoacoustic emissions (DPOAEs) from 1.5 to
10kHz (minimum criteria of —6 dB SPL distortion product,
6dB SNR, 9 of 12 frequencies present). This research proto-
col was approved by the Institutional Review Board at
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TABLE I. A variety of speech-in-noise tests, SNRs, levels, and gain reduction measures have been used in studies examining the relationship between
speech understanding in noise and cochlear gain reduction. Studies shown in bold concluded that better speech-in-noise recognition was related to higher
estimates of gain reduction. BBN, broadband noise; SSN, speech-shaped noise; CV, consonant-vowel; CVC, consonant-vowel-consonant; VCV, vowel-con-
sonant-vowel; TEOAES, transient-evoked otoacostic emissions; DPOAESs, distortion product otoacoustic emissions.

Study Speech-in-noise test Speech-in-noise test SNR  Speech-in-noise test level ~ Gain reduction measure

Giraud ez al. (1997) Monaural word recognition in —20-25dBin5dB steps  10dB SL target TEOAEs
ipsilateral and bilateral BBN

Kumar and Vanaja (2004) Monaural word recognition in 10-20dB in 5 dB steps 50 dB HL target TEOAEs
quiet, ipsilateral BBN, contralat-
eral BBN, and bilateral BBN

Harkrider and Smith (2005) Monaural word recognition in ipsi- 0dB 55dB HL target TEOAEs
lateral multitalker babble

Yilmaz et al. (2007) Monaural word recognition in 10dB 40 dB SL target TEOAEs
ipsilateral BBN

Mukari and Mamat (2008) Monaural sentence recognition in —10-2dB* 65 dB SPL SSN DPOAEs
ipsilateral, contralateral, and front
SSN

Wagner et al. (2008) Binaural sentence recognition in —8to —5dB* 65 dB SPL SSN DPOAEs
front SSN

de Boer and Thornton (2008)  Monaural CV syllable discrimina- 10dB 40dB SL BBN TEOAEs
tion in ipsilateral or bilateral BBN

de Boer et al. (2012) Monaural CV syllable discrimination ~ 10dB 40dB SL BBN TEOAEs
in ipsilateral BBN

Stuart and Butler (2012) Monaural and binaural sentence rec- —10-15dB?* 50dB SL BBN TEOAEs
ognition in quiet, ipsilateral BBN,
and bilateral BBN

Abdala et al. (2014) Monaural CVC and VCYV syllable —21-12dB in 30dB SL target DPOAEs
discrimination in ipsilateral BBN 3 dB steps (never <60 dB SPL)

Mishra and Lutman (2014) Monaural word recognition in —8to —2dB* 60 dB SPL target TEOAEs
ipsilateral and bilateral SSN

Bidelman and Bhagat (2015)  Monaural sentence recognition in 0-25dB in 5 dB steps” 70 dB SPL target TEOAEs

ipsilateral multitalker babble
Monaural sentence recognition in
ipsilateral multitalker babble
Monaural sentence recognition in
ipsilateral multitalker babble

DeRoy Milvae et al. (2015)
Maruthy et al. (2017)
Mertes et al. (2018)° Monaural word and sentence recog-
nition in ipsilateral SSN

Monaural word recognition in
ipsilateral and bilateral SSN

Mertes et al. (2019)

0-25dB in 5dB steps®

70dB SPL target Psychoacoustic

—10-20dB in 5dB steps” 40 dB HL target TEOAEs
—9to —3dBin3dBsteps  70dBC target TEOAEs
—12-0dB in 3 dB steps® 50 dBA target TEOAEs

“A speech reception threshold (SRT) measure was used in the analysis.
®Slope of the psychometric function was related to estimated gain reduction.

Purdue University and all participants provided informed
consent.

B. Psychoacoustic measure of cochlear gain
reduction

1. Stimuli

Ipsilateral cochlear gain reduction was estimated psy-
choacoustically at 2kHz. This frequency was chosen
because the spectrum around 2kHz is known to contribute
the most to speech perception (Fletcher and Galt, 1950) and
a previous experiment found a significant relationship
between speech-in-noise recognition and forward masking
gain reduction at 2kHz but not at 4kHz (DeRoy Milvae
etal., 2015).

Stimuli consisted of an 8-ms, 2-kHz signal; a 20-ms,
1.2-kHz masker; and a 50-ms pink noise precursor band
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limited from 0.25 to 8kHz. The durations included cos”

ramps at onset and offset: 4-ms ramps for the signal and
5-ms ramps for the masker and precursor. The masker level
for the gain reduction estimate was chosen for each partici-
pant as the level that elevated the signal threshold by
approximately 5dB. The pink noise precursor was fixed at
an overall level of 60dB SPL. Differences in the signal
threshold across masking conditions were measured to esti-
mate the cochlear gain reduction as described below.

2. Procedure

Measurements were made in a double-walled, sound-
treated booth. Stimuli were selected and presented with cus-
tom MATLAB (2012a, MathWorks, Natick, MA) software
(Bidelman et al., 2015). Sounds were produced by a Lynx
TWO-B sound card (Lynx Studio Technology, Inc., Costa
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Mesa, CA), passed through a headphone buffer (TDT HB6,
Tucker-Davis Technologies, Alachua, FL), and presented to
ER-2 insert earphones (Etymotic Research, Inc., Elk Grove
Village, IL). From 0.25 to 8 kHz, these insert earphones are
designed to have a flat frequency response at the tympanic
membrane for an average adult ear canal. Both insert ear-
phones were worn but all stimuli were presented to the right
ear. High-pass noise (2.4-10kHz) was presented in an effort
to limit off-frequency listening for all masked conditions
(Nelson et al., 2001). The onset of the high-pass noise was
50ms prior to the first stimulus and the offset was 50 ms
after the final stimulus. The level of the high-pass noise was
50 dB below the signal level.

The signal threshold was measured with a three-interval
forced-choice paradigm. Participants were instructed to
identify the interval that was different (contained the signal)
by pressing a key or clicking a button on the screen. Visual
feedback indicated whether the given response was correct.
A two-down, one-up tracking rule was used to estimate the
signal level necessary for 70.7% correct on the psychometric
function (Levitt, 1971). The final eight reversals were aver-
aged to determine the signal threshold.

The growth of masking (GOM) functions (Oxenham
and Plack, 1997; Plack and Oxenham, 1998) were first mea-
sured to estimate the cochlear input-output function at
2 kHz. The masker immediately preceded the signal with a
fixed range of masker levels (30 and 60-85dB SPL), and
the signal level was adaptively varied to determine the sig-
nal threshold. These functions were measured to determine
an appropriate masker level for the gain reduction estimate.
The masker level associated with a signal threshold of
approximately 5dB SL on the lower leg of the cochlear
input-output function was chosen because gain reduction
has the largest effect (largest shift to the right) on the lower
leg of the cochlear input-output function (Krull and
Strickland, 2008; Roverud and Strickland, 2010).

Participants completed three one-hour training sessions
at the start of the experiment (GOM measured with a 2-kHz,
8-ms signal) that were excluded from experimental data, and
testing continued for four additional test sessions. The first
three test sessions (completed after the training sessions)
included measurement of two signal thresholds in quiet, fol-
lowed by two signal thresholds for each masking level of the
GOM function. When the SD of the final eight reversals was
above 5dB, indicating an unreliable adaptive track, the track
was discarded and an additional track was measured to obtain
the threshold. This resulted in six total thresholds for each
masker level over the three test sessions. These thresholds
were averaged and the masker level that raised the signal
threshold closest to 5 dB above the quiet threshold was cho-
sen for the gain reduction estimate. In the fourth test session,
the precursor measurements were obtained for the gain reduc-
tion estimates. Signal threshold for the “masker-present” and
“masker-absent” conditions was measured when the precur-
sor was immediately followed by the masker at the chosen
masker level and when the 20-ms masker was replaced by
silence, respectively. The masker-present gain reduction
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estimate was the difference between the masked signal
thresholds with and without a precursor, and the masker-
absent gain reduction estimate was the difference between the
signal threshold in quiet with and without a precursor.
Training and test data for the precursor conditions were col-
lected in this session; the training data were omitted from the
analysis. Three training thresholds were measured for each
precursor condition (masker-absent and -present), followed
by data collection for six thresholds per condition for analysis
with the same procedure for discarding unreliable tracks and
replacing those with new tracks as done for the GOM mea-
sures. This same procedure was used by DeRoy Milvae and
Strickland (2018); therefore, the 2-kHz data for the five par-
ticipants who also participated in this experiment were not
remeasured.

It was assumed that participants listened for the signal
at the signal frequency place in the cochlea (Moore, 1986).
It was also assumed that the masker was low enough in fre-
quency to be processed linearly at the signal frequency place
(Cooper and Guinan, 2006). With these assumptions, the
gain reduction due to the presence of a precursor should not
affect the gain of the off-frequency masker at the signal fre-
quency place.

C. Speech-in-noise recognition
1. Stimuli

The PRESTO-R test (Plotkowski and Alexander, 2016),
a revised version of the PRESTO (Gilbert et al., 2013), was
used to test speech recognition. List equivalency was dem-
onstrated for this revised version with monaural presentation
at —3 dB SNR with speech-shaped noise. The PRESTO-R is
a high-variability sentence test made up of TIMIT (Texas
Instruments and Massachusetts Institute of Technology) sen-
tences. Lists G and K were included as practice lists. Lists
F,I,T, C, E, and O were used as test lists in this experiment.
Each list included nine different female and nine different
male talkers with varying regional American accents.
Keywords (76 per list of 18 sentences) were scored to obtain
a percent-correct score.

Speech-in-noise recognition was measured with ipsilat-
eral noise. Sentences were fixed at 60 dB SPL, a comfort-
able, conversational level, and noise levels were chosen
appropriately for —3, 0, and +3dB SNR conditions.
Speech-shaped noise was generated in MATLAB software
(MathWorks, Natick, MA) by bandpass filtering broadband
noise and spectrally shaping the noise to approximate the
1/3-octave band levels from the international long-term
average speech spectrum (Byrne er al., 1994). The delay
between the onset of the noise and the onset of the speech
was 250 ms, and the noise offset was of the same duration.
During this onset and offset, the noise was ramped on and
off with 250-ms cos” ramps.

2. Procedure

Participants listened to the sentences in a double-
walled, sound-treated booth and typed their responses.

DeRoy Milvae etal. 3453
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Custom MATLAB software (MathWorks, Natick, MA) was
used to present the stimuli. The stimuli were presented using
the same audio setup that was used for the psychoacoustic
measures.

Sentences were played to participants’ right ears.
Participants advanced through the sentences by clicking a but-
ton with the mouse. Sentences could not be replayed and no
feedback was given regarding the accuracy, but participants
could see how many sentences remained in the experiment.

Participants first completed a practice list of 18 senten-
ces; however, they were not aware that these sentences
would not be scored. In the practice list, the first six senten-
ces were presented at +3dB SNR, the next six sentences
were presented at 0dB SNR, and the final six sentences
were presented at —3 dB SNR. This was done so that partici-
pants were introduced to the stimuli with progressively
increasing difficulty. After the practice list, sentences from
three test lists were combined and then presented in a ran-
domized order that was the same across participants. The
same sentence order was used so that any contextual cues
across sentences due to lexical and syntactic priming were
always the same (e.g., Traxler et al., 2014). For example, if
the presentation of a word like “flowers” in one sentence
facilitated recognition of the word “vase” in the following
sentence, due to the lexical relationship, fixing the sentence
order allowed all of the participants the opportunity to bene-
fit from such priming effects rather than allowing them to
vary with random sentence presentation order. For each par-
ticipant, the three lists were assigned different SNRs. In this
way, the difficulty level from sentence to sentence varied in
an effort to keep the participants interested and challenged
throughout the experiment. Half of the participants were
tested with practice list G and test lists F, [, and T, and the
other half of the participants were tested with practice list K
and test lists C, E, and O. There were 12 possible SNR
assignments (6 combinations of lists and SNRs x 2 sets of
lists). Because there were 24 participants, each SNR assign-
ment and test list combination was given to 2 participants to
counterbalance. Participants completed this experiment in
approximately 30min. After the session, sentences were
reviewed with the participants to clarify typographical
errors. Each participant also completed speech-in-noise test-
ing with bilateral noise for the remaining lists in an addi-
tional 30min of testing following the same procedures.
These data can be found in the Appendix.

Scoring was independently completed offline by two scor-
ers. Differences in scoring occurred rarely and were discussed
and changed to an agreed-upon score. Each keyword was
scored as correct or incorrect. Spelling errors were not penal-
ized as long as the intended word was clear to the scorers.

lll. RESULTS

A. Psychoacoustic measure of cochlear gain
reduction

Two gain reduction estimates were made to determine if
similar gain reduction estimates would be obtained from the
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two estimates with a larger sample size than that of a previous
experiment (DeRoy Milvae and Strickland, 2018). In Fig. 2, the
GOM functions are shown for each participant as open circles
and squares. The difference between the open and filled squares
is the masker-present gain reduction estimate, and the difference
between the open and filled triangles is the masker-absent gain
reduction estimate. A one-way repeated-measures analysis of
variance (ANOVA) was completed to test if the gain reduction
estimates measured with the two methods were significantly
different. The gain reduction estimate measured when the
masker was present (M = 9.02, SD = 3.19) was not significantly
different from the gain reduction estimate measured when the
masker was absent [M=9.76, SD=3.23, F(1,23)=2.53,
p=0.125, nlzj =0.099]. It was concluded that at 2kHz, the
masker-absent condition generates a similar gain reduction esti-
mate as the masker-present condition. This result is consistent
with the previous observation that omission of the masker leads
to a similar shift in the signal threshold as is seen with a masker
present (Roverud and Strickland, 2010, Fig. 2). The masker-
present estimate, a more traditional estimate of cochlear gain
reduction, was used in the analysis in Sec. III C.

B. Speech-in-noise recognition

The PRESTO-R speech-in-noise test was scored and the
percent-correct scores were converted to rationalized arcsine
units (RAU) for comparison (Studebaker, 1985). Average
scores at 43 (M=90.67, SD=6.25), 0 (M=280.32,
SD=7.96), and —3 (M = 63.05, SD=6.07) dB SNR showed
decreasing performance as the SNR became more adverse.

A one-way repeated-measures ANOVA was completed
with speech-in-noise recognition as the dependent variable
and the factor of SNR (-3, 0, and +3dB). SNR
(F[2,46] =159.73, p <0.001, 17%20.874) was statistically
significant. Post hoc tests using a Bonferroni correction
revealed that the speech-in-noise recognition at all three
SNRs was significantly different from the other two SNRs
(p < 0.001 for all comparisons).

C. Relationship between the psychoacoustic measure
of cochlear gain reduction and speech-in-noise
recognition

Linear regressions were calculated to examine the
relationship between the psychoacoustic measure of
cochlear gain reduction and speech-in-noise recognition at
each SNR (see Fig. 3). A Holm-Bonferroni correction was
used to adjust the p-values to account for multiple compar-
isons. At +3dB SNR, the relationship was not significant
(F[1,22]1=0.45, p=0.507, R*=0.020). At 0dB SNR, the
relationship was significant (F[1,22] =5.88, p=0.048,
R*=0.211). The predicted speech-in-noise recognition in
RAU was equal to 90.67 — 1.15 (gain reduction estimate
in dB). At —3dB SNR, the relationship was also signifi-
cant (F[1,22]=13.58, p=0.003, R2:0.382). The pre-
dicted speech-in-noise recognition in RAU was equal to
73.66 — 1.18 (gain reduction estimate in dB).
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FIG. 2. GOM and gain reduction estimates measured with a 2-kHz, 8-ms signal: individual data. Open circles and squares depict the GOM of a 2-kHz, 8-ms
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An additional analysis was included to examine the
relationship between the psychoacoustic gain reduction
measure and the slope of the growth in speech-in-noise rec-
ognition with increasing SNR, performed in recent experi-
ments examining SNR as a factor (Mertes et al., 2018,
2019). To account for the variability in the measure of the
slope, a linear mixed-effects model (LMM) approach was
used to test if these slopes were significant. The dependent
variable was the speech recognition score (RAU). Fixed
effects included the SNR (a categorical variable; —3, 0, and
+3dB) and masker-present gain reduction estimate (a con-
tinuous variable) and their interaction. A significant interac-
tion would indicate a significant relationship between
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speech understanding improvement with a higher SNR and
gain reduction estimate. The reference level chosen for the
SNR in the model was 0dB. Model testing was completed
using R 4.0.3 (R Core Team, 2020) and the “buildmer” ver-
sion 1.5 (Voeten, 2020) and “Ime4” version 1.1-26 (Bates
et al., 2015) packages. From the maximal model (Barr et al.,
2013), the buildmer function ordered effects in the model
using the likelihood-ratio test (LRT) statistic and then used
a backward-elimination approach to model testing, based on
the significance of changes in the log-likelihood to find a
model that converged and provided the best fit to the data
(Matuschek et al., 2017; Voeten, 2020). Random intercepts
and slopes were included for the fixed effects by participant

DeRoy Milvae etal. 3455


https://doi.org/10.1121/10.0003964

105
100

0.020

oo R? =

90
85
80
5
70
65
60
55
50
45

0.211

Speech Recognition (RAU)

0.382

0 5 10 15 20

Masker—Present
Gain Reduction Estimate (dB)

FIG. 3. The relationship between psychoacoustic gain reduction estimates
and speech recognition by SNR is shown. The light gray triangles represent
individual data at +-3 dB SNR, the medium gray circles represent individual
data at 0dB SNR, and the black squares represent individual data at —3 dB
SNR. R? is larger with a decreasing SNR.

in the maximal model. The Satterthwaite approximation
(Luke, 2017) was used for the p-values. The best-fitting
model is summarized in Table II. The interaction between
the SNR and gain reduction estimate was not included in
this best-fitting model, indicating that it was not significant
(LRT p > 0.05). To confirm the finding in Sec. III B that
speech recognition scores were significantly different with a
varied SNR, the reference level of the SNR variable was
systematically changed in the model of best fit, allowing
pairwise examination of the three levels of the variable. All
SNRs were significantly different from each other (p <
0.001).

TABLE II. Linear mixed-effects model (LMM) summary describing the
effects of the SNR and masker-present gain reduction estimate on speech
recognition (RAU). The interaction between the SNR and masker-present
gain reduction estimate was a nonsignificant factor and was removed from
the model during model testing. Significant fixed effects are shown in bold
with a Satterthwaite approximation used to generate p-values.

Speech recognition (RAU)

Fixed effects Estimate SE t P
Intercept 88.14 2.94 29.94 <0.001
SNR (=3>0) —17.27 1.56 —11.06 <0.001
SNR (+3>0) 10.35 1.56 6.63 <0.001
Masker-present gain reduction estimate —0.87 0.29 -2.96 0.007
Random effects Variance SD
By-participant intercepts 10.39 3.22
Residual 29.26 5.41
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IV. DISCUSSION

This experiment investigated the relationship between a
psychoacoustic measure of cochlear gain reduction and
speech-in-noise recognition. Ipsilateral gain reduction, as
estimated psychoacoustically, was negatively associated
with speech-in-noise recognition at SNRs < 0dB; there was
no relationship at a higher SNR. This supports our overarch-
ing hypothesis that the functional benefit from gain reduc-
tion for ipsilateral elicitation depends on the SNR.

We specifically hypothesized that gain reduction would
be beneficial at positive SNRs because the noise would be
affected by the gain reduction more than the speech over
time, and detrimental at negative SNRs because the speech
would be affected by the gain reduction more than the noise
over time. Consequently, it was hypothesized that the
regression between gain reduction and speech recognition
would be positive at positive SNRs and negative at negative
SNRs. As expected, there was a negative relationship
between the gain reduction and speech-in-noise recognition
at —3dB SNR. Contrary to our hypotheses, participants in
the present experiment who had larger gain reduction also
had poorer performance on the speech-in-noise test at 0 dB
SNR, and there was no significant relationship at +3dB
SNR. There are several possible interpretations of these
findings.

One possible explanation is simply that gain reduction
is  disadvantageous for speech-in-noise perception.
However, physiological studies show a decompression of
neural rate-level functions following efferent activation by
the MOCR, which is believed to provide an antimasking
effect when listening in noise (Winslow and Sachs, 1987,
Kawase et al., 1993). There is also significant evidence that
damage to the MOCR results in poorer auditory perfor-
mance in noise (Giraud et al., 1995, 1997; Hienz et al.,
1998; Zeng et al., 2000; May et al., 2004). Finally, positive
correlations have been observed by the majority of studies
that measured a significant correlation between OAE mea-
sures of gain reduction and speech-in-noise recognition
(Kumar and Vanaja, 2004; de Boer and Thornton, 2008;
Mishra and Lutman, 2014; Bidelman and Bhagat, 2015),
although a significant negative correlation has been
observed as well (de Boer et al., 2012). For the simpler task
of tone detection, stronger contralateral suppression of
OAEs has been associated with poorer tone detection in a
repeating tone complex with unpredictable frequency com-
ponents (Garinis et al., 2011). Detection of the tone in the
tone complex occurred at a negative SNR, consistent with
the present finding of a negative correlation between perfor-
mance in noise at a negative SNR and gain reduction
strength. Due to this conflicting evidence, the explanation of
the present result is likely more complex than a disadvanta-
geous effect of cochlear gain reduction for speech-in-noise
understanding.

Another possible explanation is that ceiling effects in
the current study limited the ability to see the expected posi-
tive relationship at the positive SNR. Kumar and Vanaja
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(2004) found a significant correlation between the improve-
ment in speech perception with contralateral noise and
TEOAE suppression at ipsilateral SNRs of +10 and
+15dB. The difficulty of the speech materials likely con-
tributed to their ability to test at such high SNRs without
encountering ceiling effects. The participants were also
Indian children tested on an English speech-in-noise test,
which may have contributed to low scores at high SNRs if
English was not a native language. However, ceiling effects
do not explain the significant negative relationship at 0 dB
SNR in this experiment. In the situation in which the speech
and noise are at the same level, no relationship between gain
reduction and performance was expected because they could
be equally subject to gain reduction. However, speech and
noise have inherent differences that may explain this nega-
tive relationship at a matched overall level. While the noise
maintains a relatively steady level throughout the duration
of the stimulus, speech has more peaks and valleys in level
over time. If the noise leads to strong gain reduction across
the speech range of frequencies, it is possible that the dips
in speech are affected by the gain reduction to a degree
that affects performance, leading to the observed
relationship.

It is of note that in typical communication situations,
SNR is positive (Smeds et al., 2015). Since positive SNRs
are the ones typically encountered, it is important to expand
our knowledge of how the auditory system copes with signal
degradation at these SNRs. In fact, several of the studies
devoid of ceiling effects at positive SNRs found positive
relationships between cochlear gain reduction strength and
speech-in-noise recognition (Kumar and Vanaja, 2004; de
Boer and Thornton, 2008; Bidelman and Bhagat, 2015), but
others found the opposite relationship (de Boer et al., 2012;
DeRoy Milvae et al., 2015). The temporal characteristics of
the noise and difficulty of the speech-in-noise test could
explain these conflicting findings. However, no clear pat-
terns emerge. In fact, studies with very similar speech-in-
noise tests using broadband noise (de Boer and Thornton,
2008; de Boer et al., 2012) or identical speech-in-noise tests
using multitalker babble (Bidelman and Bhagat, 2015;
DeRoy Milvae et al., 2015) found opposite relationships
between the cochlear gain reduction strength and speech-in-
noise recognition (positive and negative correlations).

Other factors may also play roles in the conflicting find-
ings across studies. The overall level of the speech-in-noise
test may be important because gain reduction impacts sound
levels near or below the compression point. To observe
larger effects of the gain reduction, the peaks and dips in the
stimuli must span the linear and compressive regions of the
input-output function (see Fig. 1). This is very likely to
occur for conversational speech levels (Cox and Moore,
1988; Byrne et al., 1994), and indeed acoustic analysis of
the PRESTO-R sentences at an overall level of 60dB SPL
showed that at 2kHz, the peaks were approximately 50 dB
SPL and the dips were approximately 20 dB SPL. We were
able to observe a significant relationship in the present study
at the two lowest SNRs and relationships have been
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observed at conversational levels (see Table I), suggesting
that conversational speech levels are sensitive to gain reduc-
tion effects. The strength of gain reduction at a fixed level
could also vary across individuals, depending on their
cochlear input-output functions (e.g., see Fig. 2). Perhaps
selecting individual levels for the speech-in-noise testing in
reference to the individual’s cochlear input-output function,
as done for the gain reduction measure, would result in
stronger relationships between the two measures. Effects of
the overall level could be explored in future experiments.
Another factor that could be important is the participant
population tested. Most studies explored the relationship
between speech-in-noise recognition and cochlear gain
reduction in young adults with normal hearing, but some
tested children (Kumar and Vanaja, 2004), a range of chil-
dren to older adults (Yilmaz et al., 2007; Abdala et al.,
2014), or older adult groups (Mukari and Mamat, 2008;
Maruthy et al., 2017; Mertes et al., 2018). No clear pattern
emerges in these studies, but changes in cochlear gain
reduction across the lifespan may affect the relationship
with speech-in-noise recognition and could contribute to
variability in the measures.

Another possible explanation of the present study
results is that the observed relationship between ipsilateral
gain reduction and speech-in-noise recognition reflects the
influence of a factor not measured directly in this experi-
ment. For example, participant motivation and engagement
may be a factor because a more attentive participant who
performs well on the speech-in-noise test may also have
lower masked thresholds in the psychoacoustic task, thereby
leading to a smaller gain reduction estimate. In addition, as
the speech-in-noise recognition was a raw measure rather
than a change from a baseline without gain reduction (as
in the psychoacoustic measure), it is possible that people
with high performance did not need the benefit of gain
reduction, and people with lower speech recognition
would have performed more poorly without gain reduc-
tion. This could be explored in future experiments by set-
ting the level of the speech-in-noise test for each
individual based on the measured cochlear input-output
functions to maximize the opportunity for benefit from
gain reduction.

Limitations of this study should be considered. The
gain reduction estimate was obtained at a single frequency
for this measure, and it is not known if the relationships
observed hold for other frequency regions. In addition, the
gain reduction estimate at 2kHz relies on the assumption
that an off-frequency masker is processed linearly at the sig-
nal place and, as such, is not affected by the gain reduction
elicited by the precursor. This assumption was based on bas-
ilar membrane displacement data measured near the base of
the cochlea, showing that efferent stimulation does not
affect the gain of basilar membrane displacement from an
off-frequency tone (Cooper and Guinan, 2006). However,
cochlear tuning broadens toward the apex (Cooper and
Rhode, 1997), potentially calling this assumption into ques-
tion. Furthermore, developments in the field of cochlear
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mechanics have revealed that the motion of the reticular
lamina is greater than that of the basilar membrane (Ren
et al., 2016) and the cochlear apex of guinea pigs (below
2kHz) is compressive for frequencies below the center fre-
quency with a low-pass filter response (Recio-Spinoso and
Oghalai, 2017). In mice with higher-frequency hearing over-
all, it appears that the cochlear amplifier impacts the peak of
the reticular lamina response (Dewey et al., 2019) as previ-
ously observed for the basilar membrane (Fisher et al.,
2012). Further study is needed to determine if this off-
frequency nonlinearity of reticular lamina motion extends to
the 2-kHz region in humans and how efferent activity affects
cochlear mechanics in this region. The potential impact of a
masker processed nonlinearly at the signal place in this mea-
surement is an underestimate of cochlear gain reduction.
However, our previous data suggest that even at 1 kHz, there
is a difference in the gain provided to on- and off-frequency
maskers, differentially affected by the preceding sound
(DeRoy Milvae and Strickland, 2018).

Additionally, middle-ear muscle contractions cannot be
ruled out entirely as thresholds were measured with clinical
immittance equipment and likely were higher than the
thresholds measured with more sensitive approaches
(Feeney and Keefe, 2001; Feeney et al., 2017). On average,
clinical thresholds are 12dB higher than those measured
with wideband acoustic immittance (Feeney et al., 2017),
meaning that the thresholds in this group were, on average,
well above the level of the speech-in-noise stimuli.
However, it is possible that for some listeners and at the
peaks in the stimuli, middle-ear muscle contraction could
have affected the results.

The results could have also been affected by top-down
influences on cochlear gain reduction. Perrot et al. (2006)
measured a reduction in OAEs following stimulation of the
auditory cortex with electrodes placed during surgery of epi-
leptic patients. This suggests that pathways exist in the
human auditory system from the cortex to the auditory
periphery, making it possible for higher-level processing to
modulate the MOCR. In addition, there is evidence that the
MOCR is under some attentional control. Maison et al.
(2001) measured OAEs at two test frequencies and found
that participants had a larger suppression of OAEs at one of
the frequencies when they were instructed to detect tones at
that frequency in the background noise of the suppressor.
De Boer and Thornton (2007) found smaller suppression of
OAEs in an active auditory task detecting tones in the click
train. This evidence suggests that directed attention to an
auditory task in the measurement ear can reduce the effect
observed in that ear. Attention was directed toward the mea-
surement ear for both the psychoacoustic and speech-in-
noise tests in this experiment and, thus, any modulation of
the effect related to ear attention was not likely a factor in
the relationship between measures.

The results of this study provide evidence that the func-
tional benefits of ipsilateral cochlear gain reduction depend
on the SNR. Future research is needed to further explore the
importance of the spectro-temporal composition of the
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speech and noise to a functional benefit from cochlear gain
reduction, as well as the role that attention and top-down
control may play in cochlear gain reduction and functional
benefits.
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APPENDIX: SPEECH-IN-NOISE RECOGNITION
IN BILATERAL NOISE

Additional speech-in-noise recognition data with bilat-
eral noise were collected with the data presented in this paper
for the same 24 participants. These data were collected to
examine the relationship between improvement in speech-in-
noise performance with bilateral elicitation of cochlear gain
reduction and a physiologic measure of cochlear gain reduc-
tion that was unable to be collected successfully, but are pre-
sented here to demonstrate the improvement observed. The
contralateral noise was uncorrelated with the ipsilateral noise
and generated by scrambling the phase of the ipsilateral noise,
ramping this scrambled noise, and scaling to match the level
of the ipsilateral noise. The target speech was presented to
the right ear only in this bilateral noise condition. This condi-
tion was tested in a separate block from the ipsilateral noise
block presented in this paper with the block order counterbal-
anced across participants. Practice list G and test lists F, I,
and T were used in the first block and practice list K and test
lists C, E, and O were used in the second block. All proce-
dures for the bilateral noise block were the same as in the
ipsilateral noise block. For one participant (P2), one of the
sentences did not play (-3dB SNR bilateral noise condition).
The score for this participant in this condition was computed
over 17 sentences instead of the 18 sentences in the full list.
One participant (P18) completed the two blocks on two sepa-
rate days rather than within the same one-hour session.

Results from the bilateral noise condition showed
improvement in speech recognition on average with the
additional noise. Speech recognition with bilateral noise was
highest in the +3dB SNR condition (M =93.33 RAU,
SD =8.44 RAU) with decreased speech recognition in the
0dB SNR condition (M =83.52 RAU, SD=6.12 RAU) and
lowest speech recognition in the —3 dB SNR condition (M
= 67.19 RAU, SD =6.79 RAU). The entire speech-in-noise
dataset is shown in Fig. 4. A two-way repeated-measures
ANOVA was completed on the entire speech-in-noise data-
set with the speech-in-noise performance as the dependent
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FIG. 4. Individual speech recognition (RAU) for the PRESTO-R sentences
in ipsilateral noise compared to bilateral noise. The light gray triangles rep-
resent individual data at +3dB SNR, the medium gray circles represent
individual data at 0 dB SNR, and the black squares represent individual data
at —3dB SNR. The dotted line represents matched performance on both
measures with improvement in the bilateral noise condition plotted above
this line.

variable and factors of the SNR (—3, 0, and +3dB) and
noise laterality (ipsilateral and bilateral noise). The SNR
(F[2,46] =287.77, p < 0.001, 17% =0.926) and noise lateral-
ity (F[1,23]=16.16, p=0.001, ;15 =0.413) were statisti-
cally significant, but the interaction between them was not
significant (F[2,46] =0.28, p =0.756, 11]% =0.012). Post hoc
tests using a Bonferroni correction revealed that the speech-
in-noise performance at all three SNRs was significantly dif-
ferent from the other two SNRs (p < 0.001 for all compari-
sons). Speech recognition was significantly better when the
noise was presented bilaterally compared to when it was
presented ipsilaterally (p =0.001).

The improvement in speech recognition with bilateral
noise may be related to additional MOC stimulation.
However, it may have been modulated by factors other than
cochlear gain reduction. Although the noise presented to the
two ears was uncorrelated in an effort to limit masking level
differences, it is possible that given the simultaneous onset,
amplitude rise and fall, and similar frequency spectrum that
the noises may still have been grouped as an auditory object
and this allowed some release from masking and perceived
difference in location from the speech (Bregman, 1990;
Hartmann and Constan, 2002). Another factor that may have
influenced the results is middle-ear muscle contractions.
Although an attempt was made to avoid confounds related
to middle-ear muscle contractions by requiring ipsilateral
and contralateral acoustic reflex thresholds above 60dB
SPL, there is evidence that binaural stimulation results in a
lower threshold (Simmons, 1965). It cannot be ruled out that
the binaural noise evoked middle-ear muscle contractions
and influenced the results.
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