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Abstract

Inhibition of cochlear amplifier gain by the medial olivocochlear (MOC) efferent system has
several putative roles: aiding listening in noise, protection against damage from acoustic
overexposure, and slowing age-induced hearing loss. The human MOC reflex has been studied
almost exclusively by measuring changes in otoacoustic emissions. However, to help understand
how the MOC system influences what we hear, it is important to have measurements of the MOC
effect on the total output of the organ of Corti, i.e., on cochlear nerve responses that couple sounds
to the brain. In this work we measured the inhibition produced by the MOC reflex on the
amplitude of cochlear nerve compound action potentials (CAPS) in response to moderate level
(52-60 dB peSPL) clicks from five, young, normal hearing, awake, alert, human adults. MOC
activity was elicited by 65 dB SPL, contralateral broadband noise (CAS). Using tympanic
membrane electrodes, approximately 10 hours of data collection were needed from each subject to
yield reliable measurements of the MOC reflex inhibition on CAP amplitudes from one click
level. The CAS produced a 16% reduction of CAP amplitude, equivalent to a 1.98 dB effective
attenuation (averaged over five subjects). Based on previous reports of efferent effects as functions
of level and frequency, it is possible that much larger effective attenuations would be observed at
lower sound levels or with clicks of higher frequency content. For a preliminary comparison, we
also measured MOC reflex inhibition of DPOAES evoked from the same ears with f,’s near 4 kHz.
The resulting effective attenuations on DPOAES were, on average, less than half the effective
attenuations on CAPs.
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INTRODUCTION

To enhance the sensitivity and frequency selectivity of hearing, sound-evoked cochlear
mechanical vibrations are amplified within the cochlea. This “cochlear amplification” is
under central control via the medial olivocochlear (MOC) efferent system. MOC efferent
fibers synapse on, and inhibit, outer hair cell responses thereby reducing cochlear-amplifier
gain. In humans, MOC inhibition has mostly been studied with measurements of otoacoustic
emissions (OAEs) (see Guinan 2006, for review). OAESs provide an indirect measure of
MOC effects on cochlear mechanics but do not reveal the MOC effects on the cochlear
neural responses that mediate hearing. Several reports presented measurements of MOC
effects on cochlear neural responses in humans (Folsom & Owsley 1987; Kawase &
Takasaka 1995; Chabert et al. 2002). However, each of these reports has issues that prevent
it from giving a clear picture of MOC effects on cochlear neural output in awake, alert,
normal-hearing humans. Indirect measurements of MOC inhibition have been made
psychophysically (e.g., Kawase et al. 2000; Aguilar et al. 2013; Wicher & Moore 2014;
Strickland 2001, 2004, 2008; Wojtczak et al. 2014; Jennings et al. 2009; Roverud &
Strickland 2010; Yasin et al. 2014). But, psychophysical measurements are confounded by
the possibility that the MOC reflex, the sound used to elicit MOC reflex, or the attention
required for the psychophysical measurements, may change signal processing in the brain as
well as in the cochlea (Keefe et al. 2009; Wittekindt et al. 2014). To understand the roles of
the MOC reflex in human hearing, it is necessary to know the extent to which the MOC
reflex inhibits responses from the cochlear nerve and to do this direct measurements of
cochlear-nerve responses are needed.

Here we set out to obtain statistically significant measurements of human cochlear-nerve
compound action potentials (CAP) responses without and with MOC activity elicited by
contralateral noise. CAP responses from a single click level were measured from auditory-
brainstem response (ABR) wave | recorded with a tympanic membrane electrode. To
achieve adequate accuracy, this required extensive measurements done over five two-hour
sessions for each subject. After the CAP data had been obtained, we did a brief set of
measurements of MOC effects on distortion-product OAEs (DPOAES) from the same ears
as a preliminary step in a secondary goal of comparing MOC effects on CAPs and OAEs.

METHODS

Methods Overview

CAP measurements were made from the first negative peak in the ABR waveform recorded
with an electrode placed on the tympanic membrane (Lichtenhan & Chertoff 2008; Chertoff
et al. 2010). The MOC reflex was activated by contralateral acoustic stimulation (CAS) that
was alternated on and off across runs. In five subjects, the MOC-induced change on CAPs
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was measured at one sound level as the percentage change in CAP amplitude from the no-
CAS to the with-CAS condition. We refer to these five subjects as “CAS-on-CAP subjects”.
In each of these subjects CAP measurements were averaged over multiple (five) two-hour
visits to the lab to achieve an adequate signal-to-noise ratio. The percent change in the CAP
amplitude was translated into effective attenuation using the slope of the change in CAP
amplitude with sound level averaged from 19 subjects and, in three of the five CAS-on-CAP
subjects, using the slope from the individual ears. Effective attenuation is the amount that
the probe sound level would have to be raised with MOC inhibition to obtain the same
response amplitude that was obtained without MOC inhibition. Effective attenuation is a
constant-response metric that allows changes in different measured quantities to be
compared along the same sound-level axis. In contrast, the percentage change metric is
greatly affected by nonlinearities such as those in the inner hair cell to auditory-nerve
synapse. Thus, for comparing changes in CAPs and OAEs, effective attenuation is the
preferred metric.

During the CAS-on-CAP subjects’ sixth visit to the lab, we measured their middle-ear-
muscle reflex (MEMR) thresholds and made DPOAE measurements with and without CAS
from which we calculated MOC-reflex-induced DPOAE effective attenuations.

Stimulus calibration, stimulus generation, and data acquisition were performed with a
National Instruments PX1-1031 chassis and the Eaton-Peabody Laboratories Cochlear
Function Test Suite (http://www.masseyeandear.org/research/otolaryngology/investigators/
laboratories/eaton-peabody-laboratories/epl-engineering-resources/). Custom written
software in MATLAB (MathWorks) was used for offline analyses. All procedures were
approved by the Institutional Review Board of Washington University in St. Louis.

CAP Measurements with and without CAS

Hearing sensitivity of prospective subjects was assessed with a 20 dB HL hearing screening
at 0.5, 1, 2, and 4 kHz using a calibrated audiometer (Earscan, Micro Audiometrics Corp.).
Subjects were accepted only if they could hear the 20 dB HL tones. CAP amplitudes
measurements were made with an electrode placed on the right tympanic membrane
(noninverting; Lilly TM-Wick Electrode, Intelligent Hearing Systems), and surface
electrodes placed on their high forehead (inverting) and contralateral mastoid (ground).
Following an extensive pilot study, we learned that our subject recruitment must screen for
an ability to remain exceptionally still with the tympanic membrane electrode in place, an
ability to stay awake and mentally alert while comfortably reclined in a dark room, and the
discipline to return for multiple two-hour sessions. Only five subjects (four females and one
male, 18-25 years old) were able to complete these experiments. Since sleep has been
reported to reduce MOC effects (Froehlich et al. 1993), the experimenter kept subjects
awake and aroused by asking questions between runs, instructing the subject to silently
formulate answers during the run, and then asking the subject to speak their answers to the
experimenter at the end of each run (communicating using a battery powered baby
monitoring system). This is referred to as “tasking”. Subjects sat reclined in a double-walled
sound-treated room for all measurements.
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Alternating condensation and rarefaction clicks were presented at 11.1/sec through a free-
field loudspeaker (A’Diva Ti, Anthony Gallo Acoustics) powered by an amplifier (CT475
Drivecore, Crown). We avoided high-rate clicks because they produce CAP adaptation. If
MOC inhibition reduces the firing rate of an adapted synapse, the adaptation will decrease
which increases the CAP amplitude and partially erases the MOC-induced reduction in the
response. Thus, the click repetition rate was kept low to avoid CAP adaptation and allow
accurate measurement of the MOC effect. A measuring device ensured that the distance
between the loudspeaker and ears did not vary. The loudspeaker was placed such that the
click arrived at the ear canal 4 ms after the electric pulse to the loudspeaker, which resulted
in a 4 ms baseline measurement before any possible CAP response. The clicks were
monitored with a %2” microphone (Larson-Davis model 378B02) strapped to the subject’s
head and positioned near the entrance of the ipsilateral ear canal. The loudspeaker produced
clicks with a quick decay and very little ringing (Fig. 1).

CAPs and associated acoustic click sound pressure waveforms were simultaneously
measured over response epochs of 15 ms, sampled at 25 kHz, and saved to disk. CAPs were
band pass filtered at 0.1-3 kHz (GRASS P511, Astro-Med, Inc.) and amplified 10,000
times. CAP artifact rejection thresholds on individual traces ranged from 15-45 pV and
were adjusted according to each subject’s noise level. Separate averages were kept for
positive and negative clicks; averaging the two together yielded the CAP, and subtracting
the negative-click average from the positive-click average yielded an estimate of the noise.
The level of the clicks used here (~15 dB SL) did not evoke noticeable deflections in the
response waveform that would be attributable to cochlear microphonic or summating
potential. A screening procedure identified the lowest click level that yielded a reasonable
response from averages of approximately 1024 responses (i.e., identifiable ABR waves 1 &
5 with latencies consistent with laboratory normative data). The resulting click levels were
55, 52, 55, 60, and 55 dB peSPL for subjects 2, 3, 5, 6 and 7, respectively. These click levels
were used for the lengthy CAP measurements without and with CAS to obtain the MOC-
induced percentage change in the CAP amplitude.

CAPs measurements were made from interleaved runs without and with CAS. The CAS was
65 dB SPL, 0.1-10 kHz broadband, non-frozen noise presented through an ER-10C acoustic
assembly (Etymotic Research, Inc.) sealed into the ear canal by a foam plug (which
minimized acoustic crosstalk to the ipsilateral ear) and driven by a TDT SA-1 amplifier
(Tucker-Davis Technologies). A response waveform from 2048-4096 averages without
CAS was obtained, and then a response from the exact same number of averages was
immediately obtained with CAS. The 2048-4096 range of response averaging was long
enough to acquire substantial data, but short enough to provide breaks that the experimenter
could use to keep the subject alert. The criterion for determining whether to collect 2048 or
4096 averages was whether the experimenter sensed from a subject’s verbal responses to
tasking that help was needed to maintain alertness. This process was repeated throughout
each subject’s five visits to the lab. Each subject’s responses were separately averaged for
the without and with CAS conditions (see below).

Post-acquisition processing of the CAP data was done to further reject noisy waveforms and
to estimate the uncertainty in the resulting averages. The initial data from each subject
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consisted of N=18 to 26 waveform averages without CAS and the same number with CAS,
each including 2048-4096 traces. Individual waveforms were rejected (e.g., if a with-CAS
CAP was rejected, its paired without-CAS CAP was not rejected unless it too met the
rejection criteria) if the noise estimate for that waveform was greater than a fixed value (e.g.,
0.25 uV) set separately for each subject (see below). All waveforms from a subject and CAS
condition that passed the criterion were averaged, and from each averaged waveform the
CAP amplitude was measured: CAP amplitude was calculated as the difference between the
average waveform from 0-4 ms (i.e., no physiologic response) and the maximum negative
of the CAP response occurring up to 1.5 ms thereafter. The CAS-induced percentage change
in the CAP was 100 times (the CAP amplitude without CAS) minus (the CAP amplitude
with CAS) divided by (the CAP amplitude without CAS).

To estimate the statistical significance of the CAS-induced percentage change in the CAPs,
a bootstrap procedure was done using the unrejected waveforms from each subject: (a) the
null hypothesis was that there was no difference in the CAPs from the N with-CAS runs
versus from the M without-CAS runs, so the N+M waveforms were pooled. (b) N
waveforms randomly selected from this pool were averaged and a pseudo-with-CAS CAP
was calculated from this average waveform. The remaining M waveforms were averaged
and a pseudo-without-CAS CAP was calculated from this average waveform. (c) a pseudo-
CAS-induced-CAP-percentage-change was calculated as 100 times (the pseudo-without-
CAS CAP) minus (the pseudo-with-CAS CAP) divided by (the pseudo-without-CAS CAP).
(d) Steps b and ¢ were done 100,000 times which formed a distribution of 100,000 pseudo-
CAP-percentage-changes. The absolute value of the real CAP change was compared with
the absolute values of this distribution and the probability “p” that the real CAP change
could be due to chance was taken as the fraction of values in the null distribution that were
equal or greater than the real CAP change. In addition, 95 percent confidence intervals were
obtained as the points that excluded the upper and lower 2.5 percent of the null-distribution
values.

In the CAP data processing described above, individual CAP waveform averages were
rejected if the noise estimate for that waveform was above a criterion set for each subject.
To determine the optimum noise rejection criteria, on each subject the criterion was varied
over a large range and for each criterion value the 95% confidence interval (Cl) of the CAP
change was calculated by the bootstrap method described above. For all subjects except
subject #2, as the rejection level was lowered and more waveforms were rejected, the 95%
Cl became larger. This indicates that each waveform was contributing more signal than
noise to the average, and none should be rejected. For subject 2 (who had the lowest CAP
amplitude and for whom the most averages were obtained) as the rejection criterion was
lowered and the noisiest waveforms were rejected, the 95% CI of the resulting average was
reduced until the rejection criteria was 0.25 UV, after which the 95% CI increased. This
indicates that waveforms with noise over 0.25 PV contributed more noise than signal and
made the result worse (made it have a larger 95% CI) whereas the reverse was true for
waveforms with noise less than 0.25 uV. We therefore only rejected CAP waveforms on
subject 2 and only those with noise over 0.25 uV. For each subject, the average of the non-
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rejected waveforms was used to obtain the MOC-induced change in CAP amplitude (a
percent change).

CAP level functions

To convert the MOC-induced percentage change in CAP amplitude into the MOC-induced
effective attenuation, we needed to know how much the CAP amplitude decreases as sound
level decreased. To determine this, we measured the slope of CAP amplitudes as a function
of click level with no CAS (not to be confused with the measurements of MOC inhibition on
CAPs that were completed over ~10 hours at a single click level). Two of the 5 original
CAS-on-CAP subjects were not available for a seventh visit to the lab to make these
measurements, so we made the conversion of CAP percent change to effective attenuation
using the slope of the CAP amplitude versus sound level averaged across a group of
subjects. Originally we recruited eight subjects (including 3 of the 5 CAS-on-CAP subjects)
for a single visit to record CAP level functions using 2048 response averaging. On each
subject, individual CAP measurements at a sound level were accepted if the CAP amplitude
was greater than twice the noise estimate for that waveform. Noise was estimated as the rms
value of the waveform from an average formed after reversing the polarity of alternate CAP
waveforms so that the CAP was cancelled. For each subject, a least-squares straight-line fit
was made to the accepted CAP data from sound levels 47-65 dB peSPL. These sound levels
were chosen to be from 5 dB below the lowest level, to 5 dB above the highest level at
which the CAS-on-CAP percent amplitude changes were measured across the 5 CAS-on-
CAP subjects. The average of the 8 slopes was 9.1 + 5.4 percent/dB (mean £ SD). In
response to the criticism that this method ignores individual differences and that the 8
subjects may not be representative, we obtained CAP level functions on 11 new subjects and
we repeated the measurements on the 3 CAS-on-CAP subjects who were still available.
These measurements were done at 50, 55 and 60 dB SPL with multiple averages of 1024
responses at each level. Individual measurements were accepted if their noise floor was less
than a criterion (range: 0.06 to 0.205 uV) chosen for each subject to minimize the signal-to-
noise ratio without reducing to one the number of accepted waveforms. On each subject the
accepted waveforms at each sound level were averaged into a single waveform from which
the CAP amplitude was determined. CAPs that were less than twice the noise level were
discarded and the slope of the CAP versus tone SPL was calculated for each subject from a
least-squares straight-line fit to the accepted CAP data. The average of the 11 slopes was 7.0
+ 3.6 percent/dB (mean + SD). Combining the two sets of data, the average of the 19 slopes
was 7.9 + 4.4 percent/dB (mean £ SD). This average was used to convert the CAP percent
changes to effective attenuations on the 5 CAS-on-CAP subjects. For the 3 of the 5 CAS-on-
CAP subjects for whom we had the slope of their individual CAP level functions, we also
converted the CAP percent changes to effective attenuations with their individual slopes
(averaged from the good values of both data sets). The MOC-induced effective attenuations
were obtained by dividing the subjects’ percent CAP change by the mean (and individual,
when available) CAP percent/dB slope. An estimate of the 95% CI of this effective
attenuation was obtained by combining the bootstrap of the null distribution of the CAP
changes (described above) with a bootstrap average of 19 CAP-percent/dB slope
measurements chosen with replacement from the pool of the 19 CAP-percent/dB slope
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measurements. This yields an overestimate (i.e. a conservative estimate) of the 95%
confidence interval.

DPOAE Measurements

An ER-10C acoustic assembly driven by a TDT SA-1 amplifier was used for all DPOAE
measurements. We measured the 2f;-f, DPOAE, where f; and f; are the frequencies of the
primary tones, f,/f;=1.2 and L1=10 dB re: L,, where L; and L, are the levels of the f; and f,
tones. The 2f;-f, DPOAE amplitude fine structure was measured in each of the five CAS-
on-CAP subjects by stepping f, in 6 or 12 Hz increments from around 3.7 to 4.4 kHz with L,
3 dB below the click level used for each of the five CAS-on-CAP subject’s CAP
measurements. The f, at the broad maximum of each subject’s DPOAE amplitude fine
structure was used for the DPOAE level function measurements. At each L, level, 10
DPOAE measurements without CAS were made (which took 16 seconds), followed by 20
measurements with a CAS of 65 dB SPL broadband noise (0.1-10 kHz) (32 seconds), and
finally 10 additional measurements without CAS. L, was generally varied from 40-70 dB
SPL, but on one subject L, was varied from 20-70 dB SPL.

As sound level was increased, the DPOAE amplitudes grew in nearly straight lines at low
levels and flattened or dipped at levels above 54 dB SPL. In a region of flat growth or dips,
the concept of a MOC-induced effective attenuation does not apply, so we only considered
DPOAEs from levels of 54 dB and below. DPOAE data from a single average at a single
sound level were rejected if the signal-to-noise ratio was less than 10 dB or the noise from
that average was greater than zero dB SPL. The remaining 2f;-f; DPOAE amplitudes in dB
SPL, as functions of their L, levels in dB SPL, were fitted with a straight line (via
MATLAB polyfit), one line each for the without-CAS and with-CAS conditions. The
distances (in dB) along the sound-level (L) axis between the fitted lines for without-CAS
and with-CAS conditions quantified the MOC-induced DPOAE effective attenuation. Since
the DPOAE measurements were done with tones at frequencies near 4 kHz whereas the
CAP measurements were done with clicks, it was unclear what sound level of the DPOAE
measurements should be used for the comparison. Changes in the sound level, at which the
DPOAE effective attenuation was computed changed the effective attenuation very little for
subjects 5 and 7, but for the other subjects it could produce large changes (e.g. +/-1% dB).
To capture the DPOAE effective attenuation for different choices of the comparison sound
level, we measured effective attenuation with L levels at 0, -5 and —10 dB relative to the
click level used for the CAS-on-CAP measurement on that subject. Each subject’s DPOAE
effective attenuation was the average of these three resulting effective attenuations. An
estimate of the 95% CI was obtained from a bootstrap that included the effective
attenuations at all three L, levels. The bootstrap was done by (a) for each subject, CAS
condition (without or with CAS), and L, level, randomly selecting N DPOAE amplitudes,
with replacement, from the pooled original N values at that level, (b) for each subject and
CAS condition, fitting a straight line to the selected DPOAE amplitudes versus L level, (c)
randomly choosing a comparison level (from 0, -5, —10) and calculating the effective
attenuation between the without-CAS and with-CAS data at that level, (d) doing steps (a) to
(c) 10,000 times and estimating the 95% CI of the resulting distribution. With this method,
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the uncertainty in the choice of the criterion sound level is included in the size of the 95%
Cl.

Middle Ear Muscle Reflex Measurements

MEMR thresholds were measured from the CAS-elicited change in the amplitude of a probe
tone presented to the same ear used for CAP and DPOAE measurements (the right ear). The
CAS was the same broadband noise as that used for measurements of MOC inhibition on
CAPs and DPOAEs. A “suppressor” tone was used to suppress the stimulus frequency OAE
(SFOAE) produced by the probe tone (Lilaonitkul & Guinan 2009a; Francis & Guinan 2010;
Knudson et al. 2014). Suppressing the SFOAE insures that any CAS-induced change in the
ear-canal sound pressure level of the probe is due only to the MEMR and not to a MOC
effect on the SFOAE. A 40 dB SPL probe tone was presented with a 60 dB SPL suppressor
tone that was 50 Hz lower in frequency than the probe and measurements were made with
and without our standard 65 dB SPL CAS. Since the SFOAE originates near the peak of the
traveling wave (Lichtenhan 2012), a suppressor tone that is 20 dB higher in level than the
probe tone and near in frequency to the probe frequency is expected to remove the SFOAE.
The CAS broadband noise was varied in level from 50-85 dB SPL while the probe and
suppressor levels were constant. At each CAS level the ear-canal sound pressure at the probe
frequency was measured without and with CAS. We measured the MEMR threshold using
two different probe-tone frequencies: a low-frequency probe of 678 Hz (a frequency that is
sometimes used in clinical protocols) and a high-frequency probe equal to the f, used in the
individual ears for our DPOAE measurements. Ten measurements of the sound level at the
probe frequency were made without CAS, followed by 20 measurements with CAS, and
finally 10 measurements without CAS during a recovery state. This process was repeated
across CAS levels.

RESULTS

CAP Measurements

Averaging 2048-4096 responses yielded without-CAS CAP amplitude values that were
more variable across runs than the change caused by the MOC reflex. To overcome this, we
had to average responses from one click level over five two-hour sessions from each subject.
Our initial screen for the lowest click level needed to get a suitable CAP with a modest
number of response averages (e.g., 2048) identified the click levels to be used in each
subject. These click levels ranged from 52 to 60 dB peSPL across subjects and, relative to
behavioral click thresholds, averaged 15.4 dB SL + 3.6 SD. With clicks set to the level
determined for a particular subject, CAPs without and with CAS were measured over
approximately 10 hours on each subject. The precise number of averages for each subject
was 122,880 (#2), 73,730 (#3), 49,840 (#5), 38,244 (#6), and 46,430 (#7). The total number
of averages was different across subjects because of variability in the time needed to prepare
subjects for each session and in keeping them alert and comfortable throughout the visit, and
because some responses were rejected online due to artifacts.

The response waveforms, without- and with-CAS, averaged over all of the individual
measurements are shown in Fig. 2. All ABR waveform peaks are deflected downward in
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Fig. 2 because the tympanic membrane electrode was non-inverting and the high forehead
was inverting. The click from the loudspeaker took 4 ms to reach the ear, so in Fig. 2 the
CAPs (ABR wave 1) are at ~5 ms and ABR wave 5 at ~8.5 ms in the recorded waveforms.
In three subjects (#2, #5, #7), ABR wave 3 is at ~7 ms. Fig. 2 shows that the amplitude of
first downward deflection (the CAP) was always less with CAS than without CAS for all
CAS-on-CAP subjects, i.e., the MOC reflex inhibited the CAP response in all subjects. This
is shown more clearly in Fig. 3, which quantifies the percent reduction of the CAP for each
CAS-on-CAP subject and for the average across these five subjects. In all five subjects the
MOC reduction of the CAP amplitude was statistically significant (p=0.029, =0.0013,
<0.0001, =0.033, and =0.019 in subjects 2, 3, 5, 6, and 7, respectively).

Measurements of CAP amplitudes as a function of click level obtained from 19 subjects
were used to calculate the slope of CAP amplitude growth. The average slope was 7.9 (£ 4.4
SD by a bootstrap) percent growth for a 1 dB increase in click level. The CAP percent
reductions of Fig. 3 were converted to effective attenuations by dividing them by 7.9 percent
per dB. For the three CAS-on-CAP subjects for whom we had individual slope
measurements, the conversion was also done with the subject’s own slope (Fig. 4).

DPOAE Measurements

DPOAE responses arise mainly from the f, region of the cochlea. We targeted the 4 kHz
frequency region for DPOAE measurements because 4 kHz tone-evoked behavioral
thresholds relate well to click-evoked ABR threshold (Jerger & Mauldin 1978; Gorga et al.
1985). Thus the DPOAESs were evoked with an fo~4 kHz. In each subject, an f, was chosen
that was near the maximum of the subject’s DPOAE fine structure as determined from
DPOAE amplitude measurements with close f, steps: 3.856 kHz (#2), 4.132 kHz (#3), 4.012
kHz (#5), 4.068 kHz (#6), and 4.18 kHz (#7).

On each CAS-on-CAP subject, DPOAE level functions were obtained with and without the
same CAS used in the CAP measurements. From these level functions, the DPOAE effective
attenuations were calculated (see Methods). The DPOAE effective attenuations for each
subject, and the average across subjects, are shown in Fig. 4.

The CAS-evoked MOC activity produced effective attenuations of DPOAEs and CAPs that
varied across subjects (Fig. 4). The MOC-induced effective attenuation on DPOAEs was, on
average, less than half the effective attenuation on CAPs. But, the difference was not
significant.

Middle Ear Muscle Reflex Thresholds

CAS-evoked MEMR thresholds were measured on each of the five CAS-on-CAP subjects to
determine if the middle-ear-muscle reflex influenced the measurements of CAS on CAPs
and DPOAEs. The CAS level that yielded a 0.1 dB change in probe level was defined as the
MEMR threshold (a stricter criterion than the 1.4%, or 0.12 dB, change used by Abdala et
al. 2013). MEMR thresholds were almost always greater than the 65 dB SPL CAS used in
our measurements of DPOAEs and CAPs (Table 1). Subject #7 had a MEMR threshold that
was 65 dB SPL when measured with a 678 Hz probe tone. However, the MEMR threshold
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for Subject #7 measured with a ~4 kHz probe tone — the f, used for DPOAE level functions
in individual ears and the frequency that associates best to the click-evoked CAPs — was
greater than 65 dB SPL. This indicates that MEMRs had a negligible influence on our
measures of MOC-induced inhibition of CAPs and DPOAEs.

DISCUSSION

MOC inhibition of CAP responses

Using five humans with normal hearing we found that the MOC activity elicited by a 65 dB
SPL broadband-noise CAS produced an average reduction of 16% in cochlear-nerve CAP
responses to 52—60 dB peSPL (~15 dB SL) clicks. The 16% reduction of CAP amplitude
was equivalent to an effective attenuation of 1.98 dB. This is not very large but the stimulus
and recording conditions of this experiment were not conditions that would be expected to
produce large MOC inhibitions. In choosing the sound level, we had to balance the tradeoff
between using a low click level to get a large MOC inhibition and using a high click level to
obtain good CAP waveform morphology. It would be erroneous to conclude from these data
that peripheral MOC inhibition is less than 2 dB in general. A wide range of data indicates
that the MOC inhibition would have been larger if it had been measured at lower sound
levels and at a higher-frequency cochlear location. Since the earliest measurements of
efferent inhibition, the data have consistently shown that MOC inhibition of CAP responses
is largest at sound levels near threshold and decreases as sound level is increased (Desmedt
1962; Gifford & Guinan 1987; Guinan 1996, 2006). In addition, MOC inhibition of
auditory-nerve responses in animals parallels the density of MOC innervation (Guinan &
Gifford 1988; Maison et al. 2003). Assuming that human MOC innervation is densest in the
mid-to-upper basal turn, as it is in animals, the peak MOC density in humans would be at
about the 4 kHz place. Our click stimuli had their highest spectral strength at frequencies
below about 3 kHz and perhaps they may not have excited MOC fibers in the region of their
densest innervation. Another factor is that, at least in animals, half as many MOC fibers are
excited by contralateral sound as by ipsilateral sound (Liberman 1988), so our CAS may not
have activated as many MOC fibers as ipsilateral or bilateral sound. Finally, the CAS sound
level was only 65 dB SPL (which is only a little louder than a normal conversation) and
MOC activation increases as sound level increases (Guinan et al. 2003). All of these factors
indicate that the measurement of an average MOC effective attenuation of 1.98 dB does not
apply to all circumstances. That is to say, for many of the conditions in which MOC
inhibition is expected to be the most functionally significant (e.g. the inhibition of near-
threshold, high-frequency sounds by MOC activity evoked in a crowded restaurant), MOC
inhibition can be expected to be much larger than 1.98 dB.

Another thing to consider in the interpretation of our results is that they were obtained from
only five subjects and there was considerable variation in the MOC inhibition from one
subject to the next. This is consistent with previous reports of MOC inhibition from human
OAE measurements (Backus & Guinan 2007; Marshall et al. 2014). The coefficient of
variation of the MOC inhibition across our five subjects was 35% which compares with the
coefficient of variation of 32% for the MOC inhibition of the 25 subjects of Backus and
Guinan. We can use our measured coefficient of variation to get an estimate of how well the
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average MOC inhibition from 5 subjects reveals the MOC inhibition that would have been
obtained from a large number of subjects. Assuming that MOC inhibition in individual
subjects is normally distributed about a mean inhibition of 16%, and using the coefficient of
variation we found for our five subjects of 0.35, then a random sample of 5 subjects from
this distribution would yield an average MOC inhibition that 95% of the time is in the range
11% to 21% (effective attenuations of 1.4 to 2.6 dB). Thus, our average MOC effect of 1.98
dB is probably not too far from the actual average MOC effect for the conditions of our
experiment.

The large variation in MOC inhibition across subjects suggests that whatever benefits MOC
inhibition confers (see Guinan 2006), these benefits vary considerably from one subject to
the next, at least for passive listening. With this being said, for active listening (i.e. when
doing an auditory task or actively trying to hear a signal in noise) it is possible that the
differences in MOC activation across subjects are reduced (see de Boer & Thornton 2008).

This is the first report of MOC effects on cochlear-nerve CAP amplitudes from awake
humans with what we believe are reliable measurements. Three previous reports measured
the effect of contralateral sound on CAPs in humans. Folsom & Owsley (1987) evoked
CAPs with filtered clicks, used averages of 4096 responses from an ear-canal electrode (not
a tympanic-membrane electrode), and reported that CAS usually produced CAP inhibition,
but in one case produced CAP enhancement. We found that averaging 4096 responses was
not enough for sufficient noise reduction. Thus, Folsom & Owsley’s conclusions may have
been influenced by signal averaging that did not achieve an adequate signal-to-noise ratio
(i.e., their report of CAP enhancement may have originated from noise). Using a 4 kHz CAS
tone at 45 dB SL, Folsom & Owsley reported CAS-induced CAP reductions of 22% for 30
dB SL clicks and 15% for 40 dB SL clicks and said these produced CAP effective
attenuation of 15-20 dB. Their percent CAP reductions are similar to ours, but their
effective attenuations are much higher than what we found and are surprisingly high
considering that 15-20 dB effective attenuations can be obtained with electric-shock
excitation of MOC fibers that is thought to be far more potent than Folsom & Owsley’s
pure-tone CAS. Folsom & Owsley’s exemplar response waveforms appear to have
uncancelled cochlear microphonic and summating potentials likely resulting from non-
alternating stimuli, which would have influenced their measures of CAP amplitude measures
—a conclusion also drawn by Puria et al. (1996) and Guinan (2006). Chabert et al. (2002)
measured CAS effects on CAPs from 3 of 12 people who maintained normal ABR
thresholds during an operation that permitted placement of an electrode on the cochlear
nerve. For CAPs from 30 dB HL clicks and using a 50 dB HL white-noise CAS, they found
a CAP amplitude reduction of 27% which they converted to a 10 dB equivalent attenuation.
Both of these are higher than the values we obtained. Chabert et al.’s larger values are
surprising considering that they were achieved in the presence of the depressive influence of
anesthesia on MOC reflex inhibition (e.g., Boyev et al. 2002; Guitton et al. 2004; Chambers
et al. 2012) and in an operating room environment that can be acoustically and electrically
noisy. Finally, Kawase & Takasaka (1995) measured CAPs with a tympanic membrane
electrode in awake humans and quantified the CAS-induced release of ipsilaterally-masked
CAPs. They did not report CAS effects on un-masked CAPs, leaving us with no
comparisons to make with the data we report here.
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Psychophysical methods are another approach to quantify MOC effects on total cochlear
output (e.g., Kawase et al. 2000; Aguilar et al. 2013; Wicher & Moore 2014; Strickland
2001, 2004, 2008; Wojtczak et al. 2014; Jennings et al. 2009; Roverud & Strickland 2010;
Yasin et al. 2014). Perhaps the most suitable measurements for comparison with our data are
those of Yasin et al. (2014), although an exact comparison is not possible because we
examined the effect of the contralateral MOC reflex on click-evoked CAPs (an objective
measure) and they examined the effect of the ipsilateral MOC reflex effects on
psychophysical measurements. Yasin et al. (2014) measured noise-band-elicited effects on
psychophysical responses to 4 kHz tones for a wide range of conditions. For high-level
elicitors and low-level probes, they found MOC-induced effective attenuations of cochlear-
amplifier gain of over 20 dB. However, at moderate probe levels (i.e., 55-60 dB SPL) the
MOC attenuations were only a few dB. Considering the data from Yasin et al., it seems
possible, even likely, that even though we found MOC inhibitions of only a few dB at
moderate probe levels, there are much larger MOC inhibitions at low sound levels.

A possibility that needs to be considered is whether the CAS-induced CAP amplitude
reductions that we measured were due, or were partly due, to effects of the lateral
olivocochlear (LOC) efferent system. LOC fibers synapses on the type | afferent fibers that
give rise to the CAP. Previous measurements in lightly anesthetized cats found that CAS-
induced inhibition of single-auditory-nerve fiber responses was greatest at the characteristic
frequency of each fiber and less at the edges of the tuning curves (Warren & Liberman
1989). This pattern is consistent with MOC reduction of cochlear amplifier gain and is not
consistent with direct LOC inhibition of afferent fiber responses (Warren & Liberman
1989). In anesthetized guinea pigs, Larsen & Liberman (2009) presented five minutes of
sustained 75 dB SPL contralateral broadband and found suppressions of ipsilateral CAPs,
DPOAEs, and round-window noise as well as increases in cochlear microphonic. Based on
the constellation of findings, e.g., CAS-induced effects on CAPs paralleled the effects on
DPOAEs, Larsen & Liberman argued that all of their findings were mediated by the MOC,
and were not due to the LOC efferent system, MEMRSs, or acoustic crosstalk. A key
observation of Larsen & Liberman was that the effects strongly varied with ipsilateral sound
level (larger at low levels) which is an attribute of MOC effects, whereas, in contrast, LOC
effects are a constant fraction of baseline amplitudes (Groff & Liberman 2003; Le Prell et al.
2003; Darrow et al. 2007). Finally, LOC neural circuitry is almost entirely ipsilateral, and
there is no known contralateral excitatory input to LOC neurons (Brown et al. 2013). In fact,
if LOC neurons in the brainstem receive inputs similar to the neurons that surround them in
the brainstem, they would receive strong contralateral inhibition (Guinan 1996). Although, a
role of LOC efferent system in the CAS-induced CAP amplitude reductions cannot be ruled
out, the bulk of available evidence argues against this possibility.

MOC inhibition of DPOAE responses

The effect of a CAS (the same CAS as was used on the CAP responses) on 2f;-f, DPOAESs
elicited with a 42-54 dB SPL f, near 4 kHz was an average effective attenuation of 0.7 dB.
Thus, on average, the effective attenuation on these DPOAESs was less than half the effective
attenuation on click-evoked CAPs. This is consistent with Puria et al. (1996) who used
lightly anesthetized cats and found effective attenuations to be generally less on DPOAESs
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than on CAPs evoked by tone pips at the f, frequency. Larsen & Liberman (2009) also found
that CAS produced smaller changes in DPOAEs than in CAPs. One limitation of our
comparisons of human MOC inhibition on DPOAEs and CAPs is that the CAP data were
obtained with clicks while our DPOAE data were obtained with f,’s near 4 kHz. Our choice
to use clicks to evoke CAPs instead of tone bursts near the f, frequency was a compromise
brought about by the long averaging times needed to get accurate CAP measurements.
Clicks elicit single-auditory-nerve-fiber responses throughout the cochlea, but only
responses from mid-to-high frequency regions align in time and produce the first peak of the
CAP response (Liberman et al. 2010). In experiments where both were measured, the
thresholds of click-evoked CAP measurements covaried most closely with behavioral tone
thresholds at 2-4 kHz (Jerger & Mauldin 1978; Gorga et al. 1985). Our clicks had marked
low frequency energy (Fig. 1) so the resulting CAPs may have originated from more apical
regions than would have been true for clicks with flatter spectra. Nonetheless, MOC effects
at 4 kHz are of special interest because the 4 kHz region is particularly vulnerable to damage
from acoustic overexposure that MOC reflex might protect against. Although our data
suggest that human MOC inhibition is larger on click-evoked CAP responses than on
DPOAEs from f,’s near 4 kHz, at frequencies below 4 kHz, MOC effects on stimulus
frequency OAEs (SFOAES) are larger at 0.5 and 1 kHz than at 4 kHz (Lilaonitkul & Guinan
2009b). This may mean that at low frequencies (e.g., 1 kHz) MOC effects on OAEs are
larger than on CAPs. However, in anesthetized cats where an electrode can be put directly
on the cochlea to measure tone-burst evoked CAPs and DPOAEs from an f, equivalent in
frequency to the CAP-evoking tone burst, there was little difference across frequency in the
relationship between the MOC effects on CAPs and DPOAEs (Puria et al. 1996). CAP
responses come from the peak of the traveling wave (Kiang 1965; Dolan et al. 1985;
Cheatham et al. 2010; Cody et al. 1980) and receive the full benefit of cochlear
amplification, whereas DPOAEs arise primarily just basal to the f, cochlear place (Shera &
Guinan 2007) and in this region the responses to f; and f, are not fully cochlear amplified,
thus it is not surprising that MOC effects on click-evoked CAP responses are larger than on
DPOAE responses. It should be kept in mind that, in individual ears, our CAS-on-CAP
measurements were a result of approximately 10 hours of response averaging while our
CAS-on-DPOAE measurements were from a mere 32 seconds of averaging at each sound
level. While the primary goal of our work was to obtain excellent CAP measurements and
rigorously analyze the MOC inhibition of CAP amplitude, the comparison with DPOAE
data was a secondary goal and only the general comparison, and not detailed comparisons on
individual subjects, is warranted. Nevertheless, our first-ever results from humans are
consistent with what has been previously found in animals.

The Middle Ear Muscle Reflex and MOC effective attenuation

We measured MEMR thresholds by using ear-canal sound pressure measurements of a tone
while suppressing its SFOAES so that any change in sound pressure must be from MEMR
contractions. We used both a clinically-conventional low-frequency probe tone, and a
higher-frequency probe equal to the f, for the individual-ear DPOAEs, to test if the MEMR
influenced transmission of our DPOAE- and CAP-evoking stimuli. Consistent with other
reports, we found that MEMR thresholds can be lower than clinical audiology norms, and
that higher frequency probe tones such as that used for our DPOAE and CAP measurements
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are affected less by MEMRs (Goodman & Keefe 2006; Zhao & Dhar 2010). Our results
indicate that CAS-elicited changes in middle ear transmission did not significantly affect our
DPOAE and CAP stimuli. Thus, our measured changes in CAPs and DPOAEs are
attributable to MOC effects.

Clinical uses and the importance of understanding MOC effects

To understand what the MOC system does in normal ears, it is important to study MOC
effects on cochlear nerve responses. With this knowledge we can begin to illuminate how
the MOC reflex influences hearing in diseased ears. While we quantified MOC reflex
inhibition on click-evoked cochlear nerve responses using an electrode on the human
tympanic membrane, the amount of time needed for adequate response averaging will limit
its clinical utility. Measurements with a trans-tympanic electrode (e.g., Verschooten & Joris
2014) would likely require fewer averages, but nonetheless this has limitations for clinical
utility: the procedure does not avoid the requirement that patients remain awake and
mentally alert, the hole in the tympanic membrane can cause problems for in situ
measurement of sound pressure levels, and these measurements would certainly not be
possible for challenging cases of, for example, children with Autism — in whom MOC
measurements may be helpful (Danesh & Kaf 2012).

One final note regards the effect of CAS on ABR wave 5. Clinical uses of ABRs focus on
wave 5 and our data show small effects of CAS on wave 5 (Fig. 1). We made no attempt to
analyze this further because CAS effects on wave 5 may originate from complicated MOC
effects in the cochlea, cochlear nucleus, or from other processes — both inhibitory and
excitatory — throughout the brainstem (Bledsoe et al. 2009; Brown 2011; Brown et al. 2013).

CONCLUSIONS

MOC activity elicited by contralateral broadband noise was shown to reduce click-evoked
CAP amplitudes in the first-ever reliable measurements with this paradigm in awake, alert,
normal-hearing humans. A preliminary assessment using sparse DPOAE data found that the
same contralateral broadband noise elicited MOC activity that evoked smaller changes in
DPOAEs from the same ears, a result consistent with previous findings in laboratory
animals.
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Highlights

A tympanic-membrane electrode recorded human compound action potentials
(CAPs)

Medial olivocochlear efferent (MOC) activity was elicited by contralateral noise
Reliable MOC reflex effects on human CAPs are reported for the first time

The reflex is stronger than predicted from common otoacoustic emissions
measures
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Fig. 1.
The average waveform (A) and spectrum (B) of the click stimulus.
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Fig. 2.
Auditory brainstem response (ABR) waveforms recorded from a tympanic-membrane

electrode, without (red) and with (gray) the contralateral acoustic stimulus (CAS). All ABR
peaks are deflected downward. The cochlear-nerve compound action potential (CAP) is the
first negative deflection. Each waveform is the result of approximately 10 hours of response
averaging. CAS with broadband noise reduced CAP amplitudes in all subjects.
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Fig. 3.

Fogr each subject and for the average across all subjects, the Xs identify the percent reduction
in cochlear-nerve compound action potential (CAP) amplitudes produced by broadband
noise contralateral acoustic stimulation (CAS). Negative values indicate that CAS reduced
the CAP amplitudes. The vertical bars show the 95% confidence intervals for the null
distribution, i.e., for the assumption that the without-CAS and with-CAS runs produced no
difference in CAP amplitude.
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Fig. 4.

Ef?‘ective attenuations induced by the medial olivocochlear (MOC) efferent reflex elicited
with broadband noise contralateral acoustic stimulation. Effective attenuations of compound
action potentials (CAPs) were calculated using average CAP-vs-sound-level growth (X’s) or
from individual CAP-vs-sound-level growth (circles). CAP bars are 95% confidence
intervals estimated by a bootstrap using the CAP null distribution and the distribution of the
CAP growth functions (see Methods). Effective attenuations of distortion product
otoacoustic emissions (DPOAES) are shown as triangles with bootstrapped 95% confidence
intervals (see Methods).
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Middle ear muscle reflex (MEMR) thresholds for the five CAS-on-CAP subjects.

Table 1

Middle Ear Muscle Reflex Thresholds (dB SPL): Probe Frequency

Subject
#2
#3
#5
#6
#7

678 Hz ~4 kHz
80 85
75 85
>85 75
80 80
65 70
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