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Abstract

Objectives—The medial olivocochlear (MOC) efferent system can modify cochlear function to
improve sound detection in noise, but its role in speech perception in noise is unclear. The purpose
of this study was to determine the association between MOC efferent activity and performance on
two speech-in-noise tasks at two signal-to-noise ratios (SNRs). It was hypothesized that efferent
activity would be more strongly correlated with performance at the more challenging SNR,
relative to performance at the less challenging SNR.

Design—Sixteen adults ages 35 to 73 years old participated. Subjects had pure-tone averages <25
dB HL and normal middle ear function. High-frequency pure-tone averages (HFPTAS) were
computed across 3000 to 8000 Hz and ranged from 6.3 to 48.8 dB HL. Efferent activity was
assessed using contralateral suppression of transient-evoked otoacoustic emissions (TEOAES)
measured in right ears, and MOC activation was achieved by presenting broadband noise to left
ears. Contralateral suppression was expressed as the dB change in TEOAE magnitude obtained
with versus without the presence of the broadband noise. TEOAE responses were also examined
for middle-ear muscle reflex (MEMR) activation and synchronous spontaneous otoacoustic
emissions (SSOAES). Speech-in-noise perception was assessed using the closed-set Coordinate
Response Measure (CRM) word recognition task and the open-set Institute of Electrical and
Electronics Engineers (IEEE) sentence task. Speech and noise were presented to right ears at two
SNRs. Performance on each task was scored as percent correct. Associations between contralateral
suppression and speech-in-noise performance were quantified using partial rank correlational
analyses, controlling for the variables age and HFPTA.

Results—One subject was excluded due to probable MEMR activation. Subjects showed a wide
range of contralateral suppression values, consistent with previous reports. Three subjects with
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SSOAEs had similar contralateral suppression results as subjects without SSOAEs. The magnitude
of contralateral suppression was not significantly correlated with speech-in-noise performance on
either task at a single SNR (p > 0.05), contrary to hypothesis. However, contralateral suppression
was significantly correlated with the slope of the psychometric function, computed as the
difference between performance levels at the two SNRs divided by 3 (dB difference between the
two SNRs) for the CRM task (partial ;= 0.59, p=0.04) and for the IEEE task (partial rs= 0.60, p
=0.03).

Conclusions—In a group of primarily older adults with normal hearing or mild hearing loss,
olivocochlear efferent activity assessed using contralateral suppression of TEOAES was not
associated with speech-in-noise performance at a single SNR. However, auditory efferent activity
appears to be associated with the slope of the psychometric function for both a word and sentence
recognition task in noise. Results suggest that individuals with stronger MOC efferent activity tend
to be more responsive to changes in SNR, where small increases in SNR result in better speech-in-
noise performance relative to individuals with weaker MOC efferent activity. Additionally, the
results suggest that the slope of the psychometric function may be a more useful metric than
performance at a single SNR when examining the relationship between speech recognition in
noise and MOC efferent activity.

Introduction

The auditory system has the ability to modify how it responds to sound input via descending
projections from the medial superior olive to the outer hair cells of the cochlea. Activation of
this medial olivocochlear (MOC) efferent system by sound stimulation hyperpolarizes outer
hair cells, reducing cochlear amplifier gain (Guinan 2006). When this process occurs in the
context of a target sound presented in continuous noise, the reduced cochlear amplifier gain
in turn decreases neural adaptation caused by the noise, thereby increasing the detection of
the target sound, referred to as “antimasking” (Winslow & Sachs 1987; Guinan & Gifford
1988; Kawase et al. 1993). Otoacoustic emissions (OAES) have been used to assess activity
of the efferent system. OAEs are sounds generated as a byproduct of cochlear amplification
(Brownell 1990) and can be noninvasively measured in the ear canal. Efferent activation
reduces the gain of the cochlear amplifier and is referred to as the MOC reflex (MOCR).
Eliciting the MOCR therefore reduces OAE amplitudes (Collet et al. 1990). The strength of
efferent activity is quantified as the change in OAE amplitudes measured with versus
without noise presented to the contralateral ear (hereafter referred to as contralateral
suppression), where larger changes in amplitude are interpreted as evidence of stronger
efferent activity (Berlin et al. 1993; Backus & Guinan 2007).

In normal-hearing individuals, contralateral suppression has often been shown to be
significantly correlated with the ability to perceive speech in noise, where individuals who
have better performance in noise tend to demonstrate larger contralateral suppression
(Giraud et al. 1997; Kumar & Vanaja 2004; Kim et al. 2006; Abdala et al. 2014; Mishra &
Lutman 2014; Bidelman & Bhagat 2015). The hypothesis underlying these results is that the
MOC system provides antimasking of signals in the presence of noise (Winslow & Sachs
1987; Kawase et al. 1993), and that stronger MOC activity (evidenced as larger magnitudes
of contralateral suppression) results in greater antimasking (indicated by better performance
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on speech-in-noise tasks). Although this hypothesis is attractive, other studies have
demonstrated either a lack of significant correlation (Harkrider & Smith 2005; Mukari &
Mamat 2008; Wagner et al. 2008; Stuart & Butler 2012) or an inverse correlation (de Boer et
al. 2012; Milvae et al. 2015) between MOC activity and speech-in-noise performance.
Although physiologic data from animals demonstrates a clear role of the MOC for
increasing auditory nerve responses to tones in the presence of noise (Kawase et al. 1993),
perceptual studies from humans make it difficult to determine the contribution of the MOC
to everyday listening to speech in the presence of background noise.

There are a number of possible explanations for the discrepancy in findings, some of which
include differences in the choice of OAE stimulus and recording parameters to assess MOC
activity. Some studies used distortion-product (DP) OAEs, which can be complicated to use
in measuring MOC activity due to the contribution of both distortion and reflection sources
that generate the DPOAES (Shera & Guinan 1999). The two components can be
differentially affected by MOC activity (Abdala et al. 2009), resulting in effects that are
more difficult to interpret relative to transient-evoked (TE) OAE-based metrics that are
presumably generated by a single reflection source (Guinan 2011). Two studies (Kim et al.
2006; Mukari & Mamat 2008) did not exercise careful control over this differential effect
[e.g., by measuring contralateral suppression only at peaks in the DPOAE fine structure
(Abdala et al. 2009)], so the MOC results should be interpreted with caution. Additionally,
TEOAE-based measures of the MOC have often used fast click rates, which can activate the
ipsilateral portion of the MOC pathway (Boothalingam & Purcell 2015). Such activation is
problematic because it minimizes the difference in TEOAE amplitude that can be detected
between the conditions with and without a contralateral activator.

An additional confound in OAE-based measures of MOC activity is activation of the middle
ear muscle reflex (MEMR), which can present as a change in OAE amplitude but is not due
to the MOC (Goodman et al. 2013). Previous studies of the MOC have exercised varying
degrees of control over the MEMR; studies that did not directly measure MEMR activation
using the OAE measurements themselves may have results that were contaminated with
MEMR. Finally, the OAE-evoking stimulus levels and frequency regions over which MOC
activity was analyzed differed across studies. Both level and frequency have been
demonstrated to have an effect on the size of MOC activity (e.g., Collet et al. 1990; Hood et
al. 1996).

In addition to the differences in OAE measurements across studies, the speech perception
tasks also varied. It has been speculated that the type of speech task as well as the relative
levels of the speech and noise may contribute to differences in associations between MOC
activity and perception (Guinan 2011). However, studies employing similar speech tasks
have found discrepant results. For example, de Boer and Thornton (2008) and de Boer et al.
(2012) both employed a phoneme discrimination task in noise, but de Boer and Thornton
(2008) found a significant positive correlation and de Boer et al. (2012) found a significant
negative correlation. It appears that the speech task itself may not dictate the strength or
direction of the relationship between MOC activity and speech perception, but the speech
task may interact with other factors such as the specific OAE metric.
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One important parameter of the speech tasks is the signal-to-noise ratio (SNR) of the speech
materials. All previous studies in this area examined the association between MOC activity
and speech performance at particular SNRs. Kumar and Vanaja (2004) showed that word
recognition at SNRs of +10 and +15 dB yielded significant correlations with MOC activity,
whereas SNRs of +20 dB and in quiet did not yield a significant correlation. These results
may be interpreted in the context of the antimasking benefit provided by the MOC, where
favorable SNRs would confer little benefit to an MOC unmasking effect, relative to more
challenging SNRs.

Milvae et al. (2015) examined the association between performance on a speech-in-noise
task (QuickSIN) and a psychophysical forward masking task to assess MOC activity. The
forward masking task compared detection thresholds for tonal stimuli in quiet and in the
presence of a forward-masking noise that activated the MOC, where larger threshold
differences were interpreted as stronger MOC activity. They found a significant inverse
correlation between efferent activity and speech-in-noise performance, where stronger MOC
activity was associated with poorer performance on the QuickSIN. The authors speculated
that the QuickSIN's adaptive adjustment of the SNR to approximate the point at which 50%
correct performance occurs meant that stimuli were presented at different SNRs, where the
MOC may have been more or less beneficial for different subjects, depending upon the SNR
at which they were being tested. They suggested that future studies should examine the
relationship between MOC activity and performance on a speech task across a range of
SNRs to better assess the strength and direction of this relationship.

The purpose of the current study was to examine the relationship between MOC activity and
speech-in-noise performance by improving upon the methodology used in previous studies.
We investigated whether the type of speech task influences the relationship between MOC
activity and speech-in-noise performance by utilizing both a word and a sentence
recognition task. Additionally, we investigated how SNR of the speech tasks influences the
relationship between MOC activity and speech-in-noise performance by presenting materials
at two SNRs, rather than a single SNR as used in some previous studies. Furthermore, we
also avoided potential confounds in OAE-based measurements of the MOC (Guinan 2014)
by utilizing a TEOAE-based metric, rather than a DPOAE-based metric, and by exercising
careful control of unwanted activation of the MEMR and of the ipsilateral MOC pathway.
We hypothesized that MOC activity would be more strongly correlated with speech-in-noise
performance at the more challenging SNR relative to the less challenging SNR.

Materials and Methods

Subjects

Subjects were recruited from the Veterans Affairs (VA) Loma Linda Healthcare System. A
total of 16 adult subjects (14 males) were enrolled. The median age was 60.5 years
[interquartile range (IQR) = 55.5 to 67.5, minimum = 35, maximum = 73]. These age and
gender distributions reflect the demographics of the VA population from which subjects
were recruited. Subjects were required to have pure-tone averages (500, 1000, and 2000 Hz)
<40 dB HL bilaterally, no air-bone gaps >10 dB at two or more octave frequencies from 500
to 4000 Hz, 226-Hz tympanograms within normal clinical limits, 1000-Hz ipsilateral
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acoustic reflex thresholds <110 dB HL, no history of chronic middle ear pathology, no
chronic health condition or use of medication that interfered with study participation, the
ability to read and speak English, and measurable TEOAEsS in the right ear as defined by a
signal-to-noise ratio (SNR) of >6 dB computed across 1000 to 4000 Hz. Descriptive
measures of audiometric thresholds from 250 to 8000 Hz are plotted in Figure 1. The study
protocol was approved by the Institutional Review Board of the VA Loma Linda Healthcare
System. Written informed consent was obtained from all subjects prior to their enrollment.
All subjects received monetary compensation for their participation.

All testing occurred in a double-walled sound-treated booth (Industrial Acoustics Company,
Bronx, NY) housed inside a laboratory. Subjects were seated in a recliner for contralateral
suppression testing and were seated at a desk in a comfortable office chair for all other
procedures. Immittance audiometry was performed using a GSI TympStar Middle Ear
Analyzer (Grason-Stadler, Eden Prairie, MN). Pure-tone air- and bone-conduction
thresholds were obtained using an Astera? audiometer (GN Otometrics, Taastrup, Denmark).
Contralateral suppression testing was performed using an RZ6 1/O processor [Tucker-Davis
Technologies (TDT), Alachua, FL] and a WS4 workstation (TDT) controlled by custom
software written in MATLAB (The MathWorks, Inc., Natick, MA) and RPvdsEx (TDT).
Stimuli for contralateral suppression testing were routed from PA5 programmable
attenuators (TDT) to ER-2 insert earphones (Etymatic Research, EIk Grove Village, IL).
TEOAES were recorded using an ER-10B+ probe microphone system (Etymatic Research)
with the preamplifier gain set to +40 dB. For the speech-in-noise testing, stimuli were routed
from the onboard sound card of a Precision T3610 workstation (Dell, Round Rock, TX) to
HD580 circumaural headphones (Sennheiser, Wedemark, Germany). A computer monitor
was placed inside the sound booth so the subject could participate in the speech testing. This
monitor signal was cloned on the experimenter's side (control room) so that the experimenter
could visually monitor subjects' progress with the experiment.

Experimental Procedures

Contralateral Suppression Measurement—MOC activity was assessed using
contralateral suppression of TEOAES based on methods described in Mertes and Leek
(2016), where TEOAEs were measured in the right ear with and without the presence of
contralateral acoustic stimulation (CAS) presented to the left ear to activate the contralateral
MOC pathway. TEOAE-eliciting stimuli consisted of 80-us clicks generated digitally at a
sampling rate of 24414.1 Hz (the default sampling rate of the RZ6 processor). Clicks were
presented at 75 dB pSPL to ensure elicitation of TEOAEs in this subject group of primarily
older adults (Mertes & Leek 2016). Additionally, this stimulus level was verified to yield
absent responses (SNR <6 dB from 1000 to 4000 Hz) in a 2-cc syringe, indicating
sufficiently low system distortion and stimulus artifact. Click stimulus levels were calibrated
in each subject's ear canal prior to recording. Clicks were presented at a rate of 19.5/s (inter-
stimulus interval = 51.2 ms). Based on recent work (Boothalingam & Purcell 2015), this
stimulus rate was sufficiently slow to avoid activation of the middle-ear muscle reflex
(MEMR), which is desirable because MEMR activation alters TEOAE amplitudes in a
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similar manner to that of MOCR activation and confounds the interpretation of the results
(Guinan et al. 2003; Goodman et al. 2013).

The CAS consisted of broadband Gaussian noise generated digitally by the RZ6 processor at
a sampling rate of 24414.1 Hz. The CAS was presented at an overall root-mean-square
(RMS) level of 60 dB(A) SPL, selected to ensure sufficient activation of the MOCR while
also avoiding elicitation of the MEMR (Guinan et al. 2003). The CAS level was calibrated in
an AEC202 2-cc coupler (Larson Davis, Depew, NY).

Measurements of contralateral suppression consisted of recording a set of TEOAESs without
and with the presence of CAS (hereafter referred to as the no CASand CAS conditions,
respectively). Prior to each measurement, an in-situ calibration routine was performed in
which the SPL of the click stimuli measured in the ear canal was adjusted to be within £0.3
dB of the target level of 75 dB pSPL. The experimenter monitored the recorded output of the
ER-10B+ microphone in real-time to ensure that stimulus levels were stable and that the
subject remained adequately quiet across the duration of the recording. Subjects participated
in a visual attention task described by Mertes and Goodman (2016) to maintain a consistent
attentional state within and across recordings. Subjects were instructed to click a mouse
button quickly whenever a white computer screen turned blue. Feedback regarding each
response time was presented to subjects to encourage them to respond consistently, and the
experimenter also monitored performance to ensure that subjects complied with the
procedure.

An interleaved stimulus presentation paradigm (Fig. 2) was used, in which the recording
alternated between the 7o CASand CAS conditions to help ensure that factors such as
changes in probe position and subject attention were distributed across both conditions over
time (Goodman et al. 2013; Mertes & Leek 2016). Within a single trial, first the no CAS
condition (i.e., clicks in the right ear only) was presented for 32 s, then 2 s of CAS was
presented alone to allow for onset of the MOCR (Backus & Guinan 2006), then the CAS
condition (clicks in the right ear and CAS in the left ear) was presented for 32 s, and finally
2 s of silence was presented to allow for offset of the MOCR (Backus & Guinan 2006). A
total of 10 interleaves were presented, lasting 11.3 min and yielding 6,250 recorded TEOAE
buffers (19.53125 clicks/s x 32 s x 10 interleaves) in each condition (no CASand CAS).

The ER-10B+ microphone output was sampled at a rate of 24414.1 Hz, high pass filtered
using a second-order Butterworth filter with a cutoff frequency of 250 Hz, and streamed to
disk for offline analysis. After the recording was finished, the subject was provided with a 1-
min break and the earphones were re-inserted prior to the next measurement. Three
measurements of contralateral suppression, lasting a total of 34 min, were obtained from
each subject.

Contralateral Suppression Analysis—Recorded waveforms were de-interleaved into
two matrices corresponding to the 7o CASand CAS conditions. Prior to analyzing the
TEOAE waveforms, absence of MEMR activation was verified by comparing the mean
amplitudes of the recorded click stimuli in the no CASand CAS conditions. The rationale
for this method is that activation of the MEMR alters the impedance characteristics of the
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middle ear, and will therefore alter the amplitude of the click stimulus recorded in the ear
canal (Guinan et al. 2003). A mean click amplitude in the CAS condition differing by more
than +1.4% of the mean click amplitude in the no CAS condition was taken as evidence of
MEMR activation (Abdala et al. 2013). Subjects demonstrating evidence of MEMR
activation were excluded from further analyses.

Because some subjects had low-amplitude TEOAES, the TEOAE SNR was increased by first
pooling all buffers from the three measurements of contralateral suppression, yielding
18,750 recorded buffers each in the no CASand CAS conditions. Artifact rejection was then
performed by excluding any buffer whose peak amplitude fell outside 1.5 times the
interquartile range of all recorded buffers. To further reduce contamination from artifacts, an
additional round of artifact rejection based on the root-mean-square amplitude was explored,
but this was found to reduce the TEOAE SNR in some subjects, so only one round was
implemented. A rectangular window was applied to the waveforms from 3.5 to 18.5 ms post-
stimulus onset, where time zero corresponded to the time of maximum amplitude of the
click stimulus. Waveform onsets and offsets were ramped using a 2.5 ms raised cosine ramp,
then band pass filtered from 1000 to 2000 Hz using a Hann window-based filter with an
order of 256 and correcting for filter group delay. This frequency region was selected
because MOC-induced changes in TEOAEsS are largest there (Collet et al. 1990; Hood et al.
1996; Goodman et al. 2013).

The TEOAE signals and noise floors were computed for the no CASand CAS conditions

using a two-buffer approach, where odd- and even-numbered buffers were divided into sub-

(A+B)

buffers Aand B. The signal was computed as —— and the noise floor was computed as

@. The mean of the signal and noise floor waveforms were calculated for the no CAS

and CAS conditions. Example waveforms and spectra from one subject are shown in Figure
3.

Measurements of contralateral suppression may be influenced by the presence of OAE
responses that become entrained to the stimuli and ring out in time for longer than the
transient response, and are referred to as synchronized spontaneous (SS) OAEs. The
presence of SSOAEs was examined by viewing the SNR in an analysis window from 30 to
45 ms (relative to the stimulus peak). SSOAEs were deemed present if the SNR within this
later time window was >6 dB (the same criterion for determining if TEOAES were present).
Subjects demonstrating SSOAEs were flagged for additional analysis but were not excluded.

The mean signal waveforms in the no CASand CAS conditions were required to have an
SNR >6 dB to be included in the analysis; all subjects had adequately high SNRs and so all
TEOAE data were included. Contralateral suppression was computed using the magnitudes
obtained from a fast Fourier transform (FFT) of the mean signal waveforms. For the no CAS
and CAS conditions, the mean magnitude in the frequency domain was computed across
1000 to 2000 Hz. In order to reduce the contribution of noisy responses, only magnitudes
from FFT bins with an SNR >6 dB were included in the calculation of the mean magnitude.
Contralateral suppression was computed in the traditional way of subtracting the magnitude
in dB in the CAS condition from the 7o CAS condition (e.g., Collet et al. 1990; Hood et al.
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1996). Because some recent studies have quantified contralateral suppression as a
percentage change in amplitude (Mishra & Lutman 2013; Marshall et al. 2014; Stuart &

Cobb 2015), we also computed contralateral suppression as the percentage change in

no CAS—CAS
no CAS ) x 100,

where magnitudes were expressed in linear units. For both calculations of contralateral
suppression, positive values indicate that the TEOAE magnitude decreased in the presence
of CAS, and larger values were indicative of stronger efferent activity.

magnitude normalized by the magnitude in the no CAS condition, (

Speech-in-Noise Recognition—Both a word and sentence recognition task (each
described below in more detail) were utilized in this study. Use of two tasks allowed for an
examination of how olivocochlear efferent activity is associated with a closed-set task with
no contextual cues (word recognition) versus a more ecologically valid open-set task with
limited contextual cues (sentence recognition).

The coordinate response measure (CRM; Bolia et al. 2000) was used to assess word
recognition in noise. Target stimuli consisted of a single male talker speaking a carrier
phrase followed by two target words consisting of a color-number combination. For
example, “Ready Charlie go to b/lue one now,” where blue one are the target words. There
were 32 possible color-number combinations (four colors x eight numbers). The Institute of
Electrical and Electronics Engineers (IEEE) sentence corpus (IEEE 1969) was used to assess
sentence recognition in noise. Stimuli consisted of 72 lists of 10 sentences each. Target
stimuli were spoken by a single female talker, where each sentence contained five key words
(e.g., “The birch canoe slid on the smooth planks’, where the key words are italicized).

The CRM and IEEE stimuli were presented in speech-shaped noise developed from their
respective corpuses. The noise was created by first concatenating all speech waveforms and
ramping the waveforms on and off with 50 ms cosine-squared ramps. An FFT was computed
on the concatenated waveform and pointwise-multiplied by the FFT of a random number
sequence of equal length, resulting in an FFT that had the same magnitudes as the speech
stimuli but with randomized phases. The real part of an inverse FFT was computed to yield
the speech-shaped noise waveform.

The target speech stimuli were presented through circumaural headphones at an overall
RMS level of 70 dB(C) SPL to ensure audibility and comfort. The speech-shaped noise was
presented to yield two fixed SNRs (-9 and -6 dB for the CRM; -6 and -3 dB for the IEEE
sentences). These SNRs were selected to avoid floor and ceiling effects, respectively, and
were based on pilot data obtained in our laboratory from two normal-hearing subjects, as
well as from the IEEE sentence data from Summers et al. (2013). Speech and noise stimuli
were both presented to the right ear (i.e., the same ear in which MOC activity was
measured). For each trial, the speech-shaped noise was played first for 500 ms to allow for
full onset of the MOCR (Backus & Guinan 2006), then the target stimulus was played in
addition to the noise. To avoid any effects of repeating the same noise stimulus on each
presentation, a random segment (approximately 2.3 s) of the full noise waveform was
presented on each trial.
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For the CRM, subjects were seated in front of a computer monitor with a graphical user
interface with a grid of 32 color-coded buttons corresponding to all color-number
combinations. The interface included text headings for the four colors in case any subjects
were colorblind. Subjects were instructed to click on the button corresponding to the color-
number combination they heard and were encouraged to guess whenever they were unsure.
Onscreen feedback regarding whether the response was correct or incorrect was provided,
but the correct answer was not provided. Subjects were given a practice session of 10 trials
in quiet to orient them to the task. Subjects were required to answer all practice trials
correctly before proceeding to the testing. Subjects were presented a total of 100 trials
broken down into two blocks of 25 trials at each SNR. The order of block presentations was
randomized for each subject.

For the IEEE sentences, subjects were seated in the booth and were instructed to verbally
repeat back as much of the sentence as they could, and they were encouraged to guess. No
feedback was provided on any trial. After each sentence presentation, the number of key
words repeated correctly was entered into the computer by the experimenter, sitting in the
control room outside the sound booth. Subjects were presented with four lists (10 sentences
per list), with two lists for each of the two SNRs. The lists and order of SNR presentation
were randomized for each subject.

Statistical Analysis

Results

Statistical analyses were conducted using the MATLAB Statistics and Machine Learning
Toolbox (ver. 11.1). Due to the relatively small sample size, descriptive statistics are
presented as medians, IQRs, minima, and maxima. Spearman rank correlation coefficients
were computed due to the relatively small sample size, as in Bidelman and Bhagat (2015). A
significance level of a = 0.05 was utilized. Previous studies have demonstrated an effect of
aging and high-frequency hearing loss on the magnitude of contralateral suppression (e.g.,
Castor et al. 1994; Keppler et al. 2010; Lisowska et al. 2014). Subjects in the current study
demonstrated a range of ages and high-frequency thresholds (described below). Therefore,
when the association between olivocochlear efferent activity and speech-in-noise recognition
was examined, the variables of age and high-frequency threshold were controlled for using
two-tailed partial rank correlational analyses (“partialcorr.m” function in MATLAB).

High-Frequency Audiometric Thresholds

All subjects had pure-tone averages <25 dB HL, allowing for measurement of robust
TEOAESs. However, hearing thresholds >2000 Hz are relevant to the measures of
contralateral suppression and speech-in-noise performance. Twelve subjects had
sensorineural hearing loss (defined as a threshold =25 dB HL) at one or more frequencies,
possibly due to age and/or noise exposure history. To assess the impact of high-frequency
hearing thresholds on contralateral suppression and speech-in-noise perception, we first
quantified subjects' high-frequency pure-tone averages (HFPTAS) computed across 3000 to
8000 Hz (Spankovich et al. 2011). HFPTAs were only computed for right ears because
TEOAES and speech-in-noise perception were measured in right ears. The median HFPTA
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was 25.6 dB HL [IQR = 16.3 to 33.1; minimum = 6.3; maximum = 48.8]. HFPTA was
controlled for in the partial rank correlational analyses described below.

TEOAESs and Contralateral Suppression

One subject (35-year-old male, HFPTA = 23.8 dB HL) demonstrated probable MEMR
activation, evidenced by a change in TEOAE stimulus amplitude of -1.6% between the ro
CASand CAS conditions. Therefore, this subject's data were excluded from further
analyses. Descriptive statistics for TEOAE data from the remaining 15 subjects are
displayed in Table 1. Signal magnitudes showed a substantial range across subjects, while
noise floor magnitudes had a smaller range. Median TEOAE SNRs were consistent with
recent studies of contralateral suppression (Goodman et al. 2013; Mishra & Lutman 2013;
Mertes & Leek 2016).

Contralateral suppression was computed as both a dB change and a percentage change in
TEOAE magnitude. The median dB change was 1.4 (IQR = 0.8 to 2.7; minimum = -0.01;
maximum = 5.1) and the median percentage change was 15.2 (IQR = 9.1 to 26.6; minimum
=-0.1; maximum = 44.1). These two metrics of contralateral suppression demonstrated a
perfect monotonic relationship (75 = 1). Additionally, neither measure of contralateral
suppression was significantly correlated with the magnitude of TEOAES obtained in the no
CAS condition, r; = 0.03 (p= 0.93). Therefore, subsequent contralateral suppression results
are reported as the more frequently-reported dB change.

Three subjects demonstrated the presence of SSOAEs (i.e., a TEOAE SNR >6 dB in the
time-domain analysis window from 30 to 45 ms). The age, HFPTA, and contralateral
suppression values of these subjects were as follows: subject 1 -- 67 years, 27.5 dB HL, 0.8
dB; subject 2 -- 53 years, 6.3 dB HL, 1.4 dB; subject 3 -- 39 years, 13.8 dB HL, 1.1 dB.
Contralateral suppression in these subjects did not appear to differ substantially from the
subjects without SSOAEsS, consistent with recent reports (Marshall et al. 2014; Mertes &
Goodman 2016; Marks & Siegel 2017).

Speech-in-Noise Recognition

Descriptive statistics for the CRM and IEEE tests are displayed in Table 2. The ranges
indicated that floor and ceiling effects were not reached, although one subject approached
the floor for the IEEE sentences at an SNR of -6 dB. It was expected that performance on
the word and sentence recognition tasks would be significantly correlated (Bilger et al.
1984). The relationship approached significance at the lower SNRs (5= 0.46, p= 0.08) and
was significant at the higher SNRs (75 = 0.70, p= 0.003).

For both tests, the median percent correct increased from the more challenging to the less
challenging SNR, as expected. For the CRM, all subjects showed some level of
improvement moving from an SNR of -9 to -6 dB. However, for the IEEE sentences, some
subjects showed little improvement moving from an SNR of -6 to -3 dB, and one subject
showed a slight decrement (17% at -6 dB SNR and 14% at -3 dB SNR).

In addition to computing scores on each test at a given SNR, we were also interested in how
the slope of the psychometric function (i.e., performance change across SNRs) was related
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to contralateral suppression. Figure 4 displays the change in performance across SNR for
each test. The slope of the psychometric function (percent correct per dB) was computed as
the difference between percent correct at the higher SNR minus the percent correct at the
lower SNR, divided by 3 dB (the difference between SNRs). Descriptive statistics for the
slopes are also presented in Table 2. Median slopes were identical between the CRM and
IEEE tasks. However, IQRs and ranges were smaller for the CRM than for the IEEE task,
suggesting less intersubject variability for the CRM task.

Associations Between Contralateral Suppression and Speech-in-Noise Recognition

Correlations between contralateral suppression and speech-in-noise performance at each
SNR and slope of the psychometric function were examined. Scatter plots of speech-in-noise
recognition as a function of contralateral suppression are shown in Figure 5. In each panel,
the outcome of interest is the Spearman partial correlation coefficient (r5;), which controls
for the variables age and HFPTA. For reference, the Spearman correlation coefficients (r)
are also displayed in each panel. None of the correlations at a particular SNR were
statistically significant (Fig. 5, top and middle rows), contrary to hypothesis. However,
correlations between contralateral suppression and the slopes of the psychometric functions
for each test were both statistically significant (Fig. 5, bottom row). The direction of these
significant correlations was positive, indicating that the slopes of the psychometric functions
tended to increase (or steepen) as contralateral suppression increased.

Discussion

TEOAES and Contralateral Suppression

Association

TEOAE signal magnitudes, noise floor magnitudes, and contralateral suppression values
reported in Table 1 are consistent with those reported by Mertes and Leek (2016), who tested
contralateral suppression in a similar group of primarily older Veteran subjects. The finding
of no probable MEMR activation in 15 of 16 subjects is also consistent with this recent
work, and is likely due in part to the slow click rate used to obtain TEOAESs (Boothalingam
& Purcell 2015). An additional benefit of the slow click rate is that it is less likely to activate
the ipsilateral MOC pathway (Guinan et al. 2003), allowing for measurement of larger
contralateral suppression values. A wide range of contralateral suppression values was
demonstrated in the current subject group, consistent with previous reports (De Ceulaer et al.
2001; Backus & Guinan 2007; Goodman et al. 2013). The presence of SSOAEs did not
appear to impact measurements of contralateral suppression, also consistent with recent
studies (Marshall et al. 2014; Mertes & Goodman 2016; Marks & Siegel 2017). However,
SSOAEs may affect measurements of MOC-induced changes in TEOAE phase and latency
and should be analyzed carefully in such cases.

Between MOC Activity and Speech Recognition in Noise

The current study represents a step toward better understanding how the MOC may be
related to speech recognition in noise at different SNRs and represents, to the authors'
knowledge, the first description of the slope of the psychometric function being significantly
associated with contralateral suppression. By examining performance at two SNRs, a more
complete characterization of a subject's speech-in-noise abilities is developed, relative to
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performance at a single SNR. These results suggest that the slope of the psychometric
function may be a more useful metric for examining the relationship between MOC activity
and speech recognition in noise, relative to performance at a single SNR. Kumar and Vanaja
(2004) showed that at high SNRs (>15 dB), there was no significant correlation between
speech-in-noise performance and MOC activity. At such high SNRs, the listener would not
benefit from antimasking because the signal is sufficiently intelligible. Conversely, a very
poor SNR would render the signal unintelligible, even in the presence of MOC antimasking.
Thus, there should be a range of SNRs in which the MOC will confer an antimasking
benefit. By testing a single SNR, one cannot determine where in this range the listener is
being tested (Milvae et al. 2015). Additionally, it is likely that this range will be different
across subjects, just as the contralateral suppression and speech-in-noise performance scores
were in our subject group.

Previous studies have yielded conflicting results regarding whether or not MOC activity is
involved in speech in noise recognition. In the current study, MOC activity did not
correspond to how an individual will perform in a speech recognition task at a given SNR,
consistent with some other studies (Mukari & Mamat 2008; Wagner et al. 2008). Rather,
MOC activity measured in this study was associated with how a listener's performance
changes with improvements in SNR. This is in contrast to other studies that found that
performance at a single SNR was significantly correlated with MOC activity (Giraud et al.
1997; Kumar & Vanaja 2004; Kim et al. 2006; Abdala et al. 2014; Mishra & Lutman 2014;
Bidelman & Bhagat 2015). It is possible that had we tested other SNRs, performance at
these other SNRs might be correlated with MOC activity. We conclude that the current
results are consistent with the hypothesis that the MOC efferent system is involved in speech
recognition in noise, and that specific findings of previous studies may have depended in
part upon the SNR at which the speech materials were presented.

Several of these previous studies (Giraud et al. 1997; Kumar & Vanaja 2004; Mishra &
Lutman 2014) differed from the current study because they compared speech-in-noise
performance with ipsilateral noise alone and with bilateral noise. Each of these studies found
that the difference in performance between these two noise conditions was significantly
correlated with contralateral suppression. To understand these results, one must consider the
efferent activity that is elicited by the presentation of noise. In the ipsilateral noise condition,
this would activate the ipsilateral MOC pathway, whereas in the bilateral noise condition,
both the ipsilateral and contralateral MOC pathways would be activated. Bilateral activation
results in stronger MOC activity than either ipsilateral or contralateral activation (Berlin et
al. 1995; Lilaonitkul & Guinan 2009a), and therefore a bilateral elicitor may cause greater
antimasking and thus better speech-in-noise performance (Kumar & Vanaja 2004; Mishra &
Lutman 2014; but see also Stuart & Butler 2012).

Two studies found a significant correlation between contralateral suppression and
performance on a speech-in-noise task when the noise was presented to the ipsilateral ear
(Abdala et al. 2014; Bidelman & Bhagat 2015). The correlations were only significant when
considering contralateral suppression that was measured by presenting clicks to the right ear
and noise to the left ear (Bidelman & Bhagat 2015) and only for a handful of consonant and
vowel features at specific SNRs (Abdala et al. 2014). This suggests that the association
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between MOC activity and speech-in-noise performance at a single SNR may be highly
dependent on the test conditions, which could explain why other studies have shown that
speech-in-noise measures are not significantly correlated with contralateral suppression at a
given SNR (Harkrider & Smith 2005; Mukari & Mamat 2008; Wagner et al. 2008; Stuart &
Butler 2012).

The detrimental effects of age on speech-in-noise abilities have been well-documented (e.g.,
Pichora-Fuller et al. 1995). Studies have also demonstrated that the magnitude of
contralateral suppression declines with age (Castor et al. 1994; Keppler et al. 2010;
Lisowksa et al. 2014) as well as with increasing audiometric threshold (Keppler et al.). The
purpose of this study was not to investigate the impact of age or hearing threshold on the
MOCR, but these variables were controlled for in the analyses due to the range of ages and
HFPTAs in our subject group. Associations between MOCR activity and slopes of the
psychometric functions remained significant, suggesting that the MOCR is involved in
speech-in-noise perception even in the presence of older age and elevated high-frequency
thresholds.

Caveats and Future Directions

The current study investigated primarily older adults, many with mild sensorineural hearing
loss at one or more audiometric frequencies. This is in contrast to most previous studies
discussed in this article, which examined younger, normal-hearing individuals (e.g., Kumar
& Vanaja 2004; Mishra & Lutman 2014; Milvae et al. 2015). This difference in subject
populations must be considered when comparing the current results to other studies.
Although we accounted for the effects of age and HFPTA in our correlational analyses, it is
possible that the relationship between efferent activity and the slope of the psychometric
function may be different for younger, normal-hearing individuals and warrants further
investigation. Additionally, a larger sample size is needed to determine how generalizable
the current results are and to determine if the correlations in the current study (Fig. 5, bottom
row) remain significant after obtaining data from more subjects.

A limitation of the current study is the discrepancy in MOC pathways assessed by the OAE
and speech-in-noise perception measurements: contralateral suppression measurements
invoked the contralateral MOC pathway, whereas the speech-in-noise measurements invoked
the ipsilateral MOC pathway. This presentation paradigm is consistent with other recent
studies which found a relationship between contralateral suppression and ipsilateral speech-
in-noise perception (Abdala et al. 2014; Bidelman & Bhagat 2015), suggesting that MOC
activity of the ipsilateral and contralateral pathways may be correlated. However, the
ipsilateral and contralateral MOC pathways differ both in terms of their cochlear innervation
patterns (Brown 2014) and the MOCR strength (Lilaonitkul & Guinan 2009b), so more
investigation into the validity of the comparisons between ipsilateral and contralateral
pathways is warranted. As discussed above, several studies have attempted to parse out the
contribution of the contralateral MOC pathway to speech-in-noise perception by measuring
performance in the presence of ipsilateral and bilateral noise (Giraud et al. 1997; Kumar &
Vanaja 2004; Stuart & Butler 2012; Mishra & Lutman 2014). Computing the difference in
performance between the two conditions can allow for assessment of how the contralateral
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MOC pathway contributes to perception. Several of these studies found that this difference
score was significantly correlated with the magnitude of contralateral suppression of
TEOAEsS (Giraud et al. 1997; Kumar & Vanaja 2004; Mishra & Lutman 2014), but one study
found no significant correlation (Stuart & Butler 2012). The studies varied in terms of the
speech tasks utilized, which may account for the discrepant findings. Future studies should
consider implementing multiple speech tasks (e.g., phoneme, word, and sentence
recognition) presented with ipsilateral and bilateral noise, all in the same group of subjects,
to better determine the relationship between MOC function and speech-in-noise perception
as well as to provide the ability to directly compare to previous studies.

In the current study, contralateral suppression was measured during a visual vigilance task,
so presumably there was some cortically-mediated impact on the contralateral suppression
results (Froehlich et al. 1993; Wittekindt et al. 2014). However, comparisons of contralateral
suppression obtained with versus without the use of the vigilance task were not made, so this
presumption remains speculative. Ideally, contralateral suppression would be measured
simultaneously while the subject is participating in the perceptual task (Zhao et al. 2014).
However, such measurements are difficult to achieve in practice because OAEs cannot be
simultaneously measured in the same ear in which speech or noise is being presented due to
the low-level nature of OAES, and the subject's response method would have to involve little
to no acoustic noise (e.g., a button press or mouse click, rather than verbally repeating back
the words). Contralateral suppression measurements will require significant modifications in
order to measure concurrently during a speech perception task.

The correlational analysis carried out in this study precludes any conclusions regarding
whether the MOC influenced the slope of the psychometric function, or whether the two
metrics merely related to some common underlying cause. Experimental manipulation of the
amount of MOC activity could allow for a more direct test of a possible causal relationship,
which may include lesion studies in animals or an examination of the effects of a treatment
(e.g., auditory training) on MOC activity (de Boer & Thornton 2008). Insights into the
mechanisms responsible for the observed results may also be obtained through comparisons
of the observed results to those predicted by computational models of the auditory system
that include efferent feedback (e.g., Clark et al. 2012; Smalt et al. 2014).

Recommendations for future work in this area include the consideration of methods for
providing a more complete understanding of how efferent activity is associated with speech
recognition in noise during realistic listening conditions. Subjects could be tested across a
wider range of SNRs to obtain more detailed psychometric functions. Both positive and
negative SNRs should be included (the current study only included negative SNRs) since the
benefit for speech-in-noise perception conferred by the MOCR likely depends on an
interaction between the strength of the reflex along with the degree to which the signal and
noise are impacted by a change in cochlear amplifier gain, as suggested by Milvae et al.
(2016). It is of interest to note that subjects with steeper slopes tended to perform more
poorly at the low SNR but better at the high SNR, relative to subjects with shallower slopes
(Fig. 4). It is unclear why strong MOC activity may involve a decrement in performance at
lower SNRs, but more data obtained across a wider range of SNRs in a larger subject group
could provide insight and determine if this finding is replicable.
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An additional recommendation for future work is to incorporate bilateral presentation of
both speech and noise, and bilateral testing of efferent activity, to activate all efferent
pathways and reflect binaural listening and processing as encountered in real-world settings.
Given that contralateral suppression is correlated with word recognition in bilateral noise
(Giraud et al. 1997; Kumar & Vanaja 2004; Mishra & Lutman 2014) but not sentence
recognition in bilateral noise (Stuart & Butler 2012), further investigation is needed to
determine under which listening conditions the MOC confers a benefit for speech
recognition in noise. Additionally, characterizing MOC activity at multiple stimulus levels
would allow computation of input-output suppression or “effective attenuation” (de Boer &
Thornton 2007), which may better reveal relationships with perceptual processes that are not
apparent from MOC activity assessed at a single stimulus level.

Conclusions

In a group of primarily older adults with normal hearing or mild hearing loss, auditory
efferent activity, as assessed using contralateral suppression of TEOAES, was not associated
with speech-in-noise performance at a single SNR. However, the strength of auditory
efferent activity was significantly correlated with the slope of the psychometric function
computed across performance at two SNRs. The results suggest that listeners with stronger
MOC efferent activity demonstrate more improvement in speech recognition performance
with increases in SNR relative to individuals with weaker MOC activity. Future work should
consider expanding upon this relationship by examining a wider range of SNRs and
including bilateral presentation of speech and noise stimuli.
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Fig. 1.

Box plots of audiometric thresholds. The bottom and top of each box represents the first and

third quartiles, respectively. The horizontal line within each box represents the median. The
lower and upper vertical lines extend to the minimum and maximum values, respectively.
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Fig. 2.

Sc%ematic of stimuli presentation in the no CASand CAS conditions. Clicks and CAS are
shown in the top and bottom of the figure, respectively. Amplitude is displayed in arbitrary
units. The two pairs of dashed vertical lines represent the 2-s interval of noise alone and
silence, respectively, to allow for the onset and offset of the MOCR. The number of clicks
displayed in the figure is reduced so that individual click stimuli can be visualized. The
figure was adapted from Mertes & Leek (2016). CAS indicates contralateral acoustic
stimulation; MOCR indicates medial olivocochlear reflex.
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Fig. 3.

Example of mean TEOAE waveforms (left panel) and spectra (right panel) for one
representative subject. TEOAE amplitudes and magnitudes decreased in the presence of
contralateral noise, as expected. In both panels, black and gray solid lines represent
responses in the 7o CAS and CAS conditions, respectively. In the right panel, the thin black
and gray dotted lines represent the recording noise floors in the no CASand CAS
conditions, respectively. TEOAE indicates transient-evoked otoacoustic emission; CAS
indicates contralateral acoustic stimulation; mPa indicates millipascal.
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|

SNR (dB)

Changes in speech perception scores across SNRs for the CRM (left panel) and IEEE (right
panel) tests. Each line represents performance for a different individual subject. The
difference in percent correct at each SNR was divided by 3 to yield the slopes of the
individual psychometric functions. SNR indicates signal-to-noise ratio; CRM indicates
coordinate response measure; IEEE indicates Institute of Electrical and Electronics

Engineers.
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Associations between contralateral suppression and speech-in-noise performance. Left and
right columns display results for the CRM and IEEE tests, respectively. The top and middle
rows display percentage correct at the SNR displayed in the top left corner of each panel.
The bottom row displays results for the slopes of the psychometric functions. Spearman
correlation coefficients (r5) and partial correlation coefficients (/) are displayed in the top
right corner of each panel. Asterisks denote correlations that were significant at p < 0.05.
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CRM indicates coordinate response measure; IEEE indicates Institute of Electrical and
Electronics Engineers; SNR indicates signal-to-noise ratio.
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Table 1

Descriptive statistics for TEOAE group data. For each parameter (except artifacts rejected), the results in the
no CASand CAS conditions are displayed to facilitate comparisons. IQRs are reported as the first and third

quartiles, respectively. TEOAE indicates transient-evoked otoacoustic emission; CAS indicates contralateral
acoustic stimulation; IQR indicates interquartile range; SNR indicates signal-to-noise ratio.

Par ameter Median IQR Minimum | Maximum

Signal Magnitude (dB SPL)

no CAS -15.7 -19.1t0-12.1 -22.2 -1.2

CAS -15.7 -20.3t0-13.1 -26.7 -4.0

Noise Floor Magnitude (dB SPL)

no CAS -33.8 -35.6t0 -31.3 -37.8 -27.9

CAS -33.0 -35.1t0-28.5 -36.8 -25.4
SNR (dB)

no CAS 18.1 12.3t0 24.6 9.1 33.2

CAS 16.2 9.4t020.9 6.8 325
Artifacts Rejected (%) 15.1 12.7t022.0 2.8 30.0
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