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ABSTRACT

Several studies have postulated that psychoacoustic
measures of auditory perception are influenced by
efferent-induced changes in cochlear responses, but
these postulations have generally remained untested.
This study measured the effect of stimulus phase
curvature and temporal envelope modulation on the
medial olivocochlear reflex (MOCR) and on the
middle-ear muscle reflex (MEMR). The role of the
MOCR was tested by measuring changes in the ear-
canal pressure at 6 kHz in the presence and absence
of a band-limited harmonic complex tone with various
phase curvatures, centered either at (on-frequency)
or well below (offfrequency) the 6-kHz probe fre-
quency. The influence of possible MEMR effects was
examined by measuring phase-gradient functions for
the elicitor effects and by measuring changes in the
ear-canal pressure with a continuous suppressor of the
6-kHz probe. Both on- and offfrequency complex
tone elicitors produced significant changes in ear
canal sound pressure. However, the pattern of results
was not consistent with the earlier hypotheses postu-
lating that efferent effects produce the psychoacoustic
dependence of forward-masked thresholds on masker
phase curvature. The results also reveal unexpectedly
long time constants associated with some efferent
effects, the source of which remains unknown.
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INTRODUCTION

The mechanical responses to sound in the cochlea
have been generally described as time-invariant, with
the time constants associated with nonlinear aspects,
such as suppression, being generally considered
negligible from a perceptual perspective (e.g.,
Ruggero and Temchin 2007). Consequently, the
synapse between the inner hair cell and the spiral
ganglion is thought to be the first stage where
perceptually relevant changes in responses over time
occur in the form of neural adaptation (Smith 1977;
Abbas 1979; Smith 1979; Smith and Brachman 1982).
On the other hand, physiological evidence has also
shown that cochlear gain and consequently cochlear
responses can decrease over time due to the activation
of efferent fibers that project from the medial olivary
complex (MOC) and synapse with the outer hair cells
(OHGCs) in the organ of Corti (for a review, see
Guinan 2006). The time course of the effect of
efferent activation is relatively slow, with a 25- to 30-
ms latency, followed by a buildup over about 70 ms to
a nearly asymptotic level. After the offset of the
eliciting stimulus, the effect of efferent activation
remains constant for about 25—30 ms and then decays
over a 160-200-ms interval (Backus and Guinan
2006).

Despite robust physiological evidence showing
decreased peripheral responses due to the stimulation
of MOC efferents by electric shocks in cats (Gifford
and Guinan 1987; Liberman 1989; Warren and
Liberman 1989) and reduced magnitudes of evoked
otoacoustic emissions in the presence of acoustic
elicitors of the medial olivocochlear reflex (MOCR)
in humans (Collet et al. 1990; Veuillet et al. 1991;
Collet et al. 1992; Norman and Thornton 1993;
Maison et al. 2000; Guinan et al. 2003; Backus and
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Guinan 2006; Lilaonitkul and Guinan 2009a, 2012),
the functional role of the reflex remains poorly
understood. There is evidence from physiological
animal studies that MOC efferents play a role in
protecting the cochlea and the synaptic connections
with afferent auditory nerve fibers from the effects of
aging (Liberman et al. 2014) and from noise-induced
damage (Kujawa and Liberman 1997; Maison et al.
2013). It is likely that they have a similar role in the
human auditory system. However, the effects of
efferent activation on performance in perceptual tasks
remain elusive. Scharf et al. (1994, 1997) measured
performance by listeners with Méniére’s disease in a
series of basic psychophysical tasks before and after
sectioning of the olivocochlear bundle. He found no
effect of the sectioning on the detection of tones in
quiet and in noise, no effect on tuning measured with
a notched noise masker, and no effect on intensity
and frequency discrimination. The only significant
effect was an improvement in the detection of tones
with unexpected frequencies embedded in noise
maskers after the sectioning of efferents, which led
the authors to conclude that efferent activation may
facilitate detection under selective attention.
However, Scharf et al. tempered their conclusions by
noting that the vestibular neurotomy performed on
their patients may not have resulted in a complete
elimination of MOC efferent connections to the
cochlea.

Recently, a growing number of studies have
implicated efferent activation as a factor contributing
to various psychophysical effects that appeared con-
sistent with relatively slow changes in cochlear
responses over time. Examples of such effects include
a so-called temporal effect or overshoot (McFadden
and Champlin 1990; von Klitzing and Kohlrausch
1994; Strickland 2004; Strickland and Krishnan 2005;
Strickland 2008), the effect of a precursor on cochlear
gain and compression, as estimated from the growth
of psychophysical forward masking (Krull and
Strickland 2008; Jennings et al. 2009; Roverud and
Strickland 2010, 2014), changes in frequency selectiv-
ity during the course of acoustic stimulation (Jennings
et al. 2009; Jennings and Strickland 2012), changes in
frequency selectivity due to contralateral noise
(Aguilar et al. 2013), changes in the rate of recovery
from forward masking for high masker levels
(Wojtczak and Oxenham 2009a), and masker phase
effects in forward masking by harmonic complexes
(Wojtczak and Oxenham 2009b).

All these studies used psychophysical methods and
provided no independent estimate or measure of
efferent activation. In two recent studies, psychophys-
ical measurements of overshoot were combined with
noninvasive physiological measurements of the stimu-
lus frequency otoacoustic emissions (SFOAEs) to
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verify the MOCR-based explanation of the effect
(Keefe et al. 2009; Walsh et al. 2010). While Walsh
etal. (2010) found good correspondence between the
time course of the psychophysical overshoot and
changes in the magnitude of a so-called “nonlinear
SFOAE” with a delay from masker onset, Keefe et al.
(2009) found no changes in SFOAE threshold with
the delay despite very robust (on average 16 dB)
psychophysical overshoot in the same listeners.
Because of the general lack of consistent independent
verification, statements regarding efferent involve-
ment in various psychophysical phenomena remain
speculative. The aim of this study was to provide an
independent test of the hypothesized role of the
MOCR in forward masking by harmonic complexes
with identical power spectra and different phase
spectra, as used by Wojtczak and Oxenham (2009b).
In that study, forward masking produced by
Schroeder-phase complexes was measured as a func-
tion of their phase curvature, which was defined as

%0(f) . 2n
of NS

(1)

where 0(f) denotes the component starting phase
as a function of component frequency f, N is the
number of components in the harmonic complex, f
denotes the fundamental frequency, and C is a
constant that was varied between —1 and 1 in steps
of 0.25 to obtain maskers with different phase
curvatures (Lentz and Leek 2001; Oxenham and
Dau 2001a). The study showed that when the probe
frequency was 1 or 2 kHz, there was a significant effect
of Cvalue on masked thresholds for an on-frequency
masker (with components around the probe frequen-
cy) but not for an off-frequency masker (with
components placed around the frequency an octave
below the probe frequency). However, masker phase
effects were significant for a 6-kHz probe in both the
on- and offfrequency masking conditions.

Two findings of the Wojtczak and Oxenham study
were surprising and led them to invoke an additional
mechanism to account for their data. The first finding
was the effect of masker phase curvature in off-
frequency masking of the 6-kHz probe. In earlier
studies, masker phase effects had been explained as
resulting from the interaction between the phase
curvatures of the masker and the cochlear filter tuned
to the probe frequency (Smith et al. 1986; Kohlrausch
and Sander 1995; Lentz and Leek 2001; Oxenham
and Dau 200la, b) and from compression of the
waveform at the output of that filter. The role of
compression was evidenced by reduced masker phase
effects in listeners with hearing impairment
(Summers and Leek 1998; Summers 2000; Oxenham
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and Dau 2004) and by the presence of the effects in
forward masking (Carlyon and Datta 1997; Wojtczak
and Oxenham 2009b). In forward masking, listeners
cannot use dips in the masker envelope to detect the
signal. However, harmonic complexes with fluctuating
temporal envelopes have lower rms amplitude after
being subjected to compression than the complexes
with the same original rms amplitude and spectrum
but with flat temporal envelopes. This fact has been
used to explain a decreased effectiveness of
Schroeder-phase maskers with fluctuating envelopes
at the output of the cochlea. Because off-frequency
stimuli with frequencies about an octave below the
characteristic frequency (CF) of the measurement
place are thought to produce a linear response on the
basilar membrane (BM; Ruggero et al. 1997), masker
phase effects should be observed in forward masking
for on-frequency but not for off-frequency maskers.
The second surprising finding in the study by
Wojtczak and Oxenham (2009b) was the effect of
masker duration: The effect of masker phase curva-
ture was stronger for the 200-ms than for the 30-ms
maskers. Because cochlear compression is known to
be nearly instantaneous (Ruggero et al. 1997), the
duration effect, along with the phase effects in off-
frequency masking, suggested that an additional
mechanism may be involved. Wojtczak and
Oxenham (2009b) suggested that the mechanism
may be one (or both) of the two feedback-based
mechanisms with relatively long time constants, the
MOCR (Backus and Guinan 2006) and the middle-ear
muscle reflex (MEMR; Church and Cudahy 1984).
Wojtczak and Oxenham (2009b) hypothesized that
maskers producing the most modulated envelopes,
and thus, the smallest average excitation on the BM
(due to the interaction between the masker and
cochlear-filter phase curvatures and compression)
may be the least effective elicitors of the feedback-
based reflexes. On the other hand, maskers produc-
ing waveforms with flatter envelopes at the output of
the cochlea would result in a greater excitation and
therefore would be more effective at eliciting either of
the reflexes. As a consequence, maskers with flatter
envelopes at the output of the cochlea would produce
higher forward-masked thresholds than the maskers
with fluctuating envelopes, due to either a greater
reduction of cochlear gain at the signal frequency
place on the BM (MOCR) or a greater attenuation of
the transmission through the middle ear (MEMR).
The difference in threshold would be greater for
maskers with a longer duration that would allow for a
longer buildup time for the effect of the involved
reflex. Although either reflex could play a role, the
authors favored the explanation in terms of the
MOCR because the MEMR has been shown to
predominantly affect transmission of low frequencies
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(<2 kHz) through the middle ear (e.g., Schairer et al.
2007) whereas Wojtczak and Oxenham (2009b)
observed the offfrequency masker phase effects only
for a 6-kHz probe and not for the 1- and 2-kHz
probes.

In the present study, a method for measuring the
effect of efferent activation on stimulus frequency
otoacoustic emission (SFOAE) developed by Guinan
et al. (2003) was implemented to measure changes in
the ear-canal sound pressure at the probe frequency
due to the on- and offfrequency Schroeder-phase
complexes with different phase curvatures. In addi-
tion, psychophysical measurements were performed
to test an alternative hypothesis that the off-frequency
masker phase effects observed by Wojtczak and
Oxenham (2009b) were due to residual compression,
such that the place along the BM with a CF
corresponding to the probe frequency still responded
at least somewhat compressively to the off-frequency
masker.

EXPERIMENT 1: EFFECTS OF ELICITOR
PHASE CURVATURE ON EAR-CANAL SOUND
PRESSURE AT THE PROBE FREQUENCY

Rationale

The aim of this experiment was to test the hypothesis
that MOC efferent activation is affected by compo-
nent phase relationships within a harmonic complex
tone. The stimuli were the on- and offfrequency
Schroeder-phase maskers used by Wojtczak and
Oxenham (2009b) with the 6-kHz probe, because
unexpected masker phase effects in offfrequency
masking conditions were observed for this probe
frequency, and because studies have shown that the
ipsilaterally activated MEMR should not affect the
transmission of a 6-kHz tone through the middle ear
(Schairer et al. 2007).

The data from Wojtczak and Oxenham (2009b)
showed that for the off-frequency masker of a 6-kHz
probe, forward-masked thresholds were the lowest
when all the masker components started with the
same (0 ° or sine) phase, and they were the highest
for maskers with phase curvatures obtained by setting
the value of C in Eq. 1 to —1 (Schroeder-phase
negative masker) and 1 (Schroeder-phase positive
masker). To be consistent with the role of efferent
activation, as hypothesized in the study of Wojtczak
and Oxenham, the Schroeder-positive and Schroeder-
negative complexes should produce a greater reduc-
tion in cochlear gain, and consequently a greater
reduction in SFOAE magnitude at the probe frequen-
cy, than the sine-phase harmonic complex at the same
overall intensity.
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Listeners

Normal-hearing listeners were used for this study.
Their hearing thresholds were below 15 dB HL at
audiometric frequencies between 250 and 8,000 Hz,
as measured using an ANSI-certified audiometer
(Madsen Conera). Three of the recruited listeners
were excluded because they showed no significant
postelicitor effects on the ear-canal pressure for the
Schroeder-phase elicitors during a 2-h session. Seven
listeners (one male, six females), with ages in the
range of 21-49 years (median 26 years), provided
useable data that were analyzed to test for the effects
of the elicitor phase curvature. Prior to data collec-
tion, the listeners provided written informed consent
and the protocol for this study was approved by the
Institutional Review Board of the University of
Minnesota.

Stimuli and Procedure

Ear-canal pressure waveforms were recorded during
the presentation of a continuous 6-kHz tone and an
intermittent Schroeder-phase complex. A schematic
illustration of the stimuli in a recording trial is shown
in Figure 1. A Schroeder-phase complex consisting of
25 harmonics of a 100-Hz fundamental frequency,
presented ipsilaterally with the tonal probe, was used
to elicit the MOCR. On-frequency Schroeder-phase
complexes (Fig. 1A) consisted of components from
4,800 to 7,200 Hz, and off-frequency complexes
(Fig. 1B) consisted of components from 1,600 to
4,000 Hz. These spectral configurations of the on-
and off-frequency elicitors were identical to those of
the on- and offfrequency forward maskers in the
study by Wojtczak and Oxenham (2009b). For each
spectral configuration, three phase curvatures of the
elicitor, given by C=-1, 0, and 1 in Eq. 1, were used in
separate blocks of trials. A trial consisted of eight 8.5-s
segments, each comprising 1 s of the probe alone,
followed by a 2.5-s interval during which an MOCR
elicitor was added to the probe, followed by a 5-s
interval containing the probe alone. The elicitor’s
polarity was alternated between consecutive segments.
This allowed for the cancellation of the physical
waveform of the elicitor during the averaging of the
recorded waveform across the eight segments while
preserving the elicitor’s effect on the ear-canal sound
pressure at the probe frequency.

The probe was presented at a level of 50-dB sound
pressure level (SPL). This level was 10 dB higher than
the probe level used in most SFOAE-based measure-
ments of the effects of MOC efferent activation
(Guinan et al. 2003; Backus and Guinan 2006;
Lilaonitkul and Guinan 2012). It was necessary to
use a higher probe level because the measurements in
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this study were performed using a 6-kHz probe, and
the level of 40 dB SPL was often not sufficiently high
to produce a measurable SFOAE at this frequency. It
cannot be ruled out that the probe itself activated the
MOCR. However, pure tones have been shown to be
relatively ineffective elicitors of efferent effects and
the on-frequency effects reported in earlier studies
usually did not reach significance for elicitor levels
below 60—70 dB SPL. In addition, the effects elicited
by pure tones have been shown to decrease with
increasing frequency of the probe tone (Lilaonitkul
and Guinan 2009b, 2012). Walsh et al. (2010) also
showed no change in the magnitude of the nonlinear
SFOAE measured over the course of 500 ms for a 60-
dB SPL 4-kHz probe. It is therefore assumed that any
contribution to changes in the ear-canal sound
pressure due to a continuous 50-dB SPL. 6-kHz probe
in this study is negligible. The onset and offset of the
probe (at the beginning and end of a trial) were gated
with 10-ms raised-cosine ramps. The on-frequency
elicitors were presented at 65 dB SPL, and the off-
frequency elicitors were presented at 75 dB SPL. The
level of the offfrequency elicitors was 10 dB below
that used for offfrequency maskers by Wojtczak and
Oxenham (2009b) to avoid clipping of the recorded
waveform, which occurred for the phase curvature
defined by C=0. All the elicitors were gated with 10-ms
raised-cosine ramps.

Prior to testing, it was confirmed for each listener
that they had no significant spontaneous emissions
within 100 Hz of the probe frequency. Estimates of
spontaneous emissions were obtained using the pro-
cedure described by Penner et al. (1993). In addition,
measurements of the effect of a 60-dB SPL broadband
noise elicitor on a tonal probe were performed for
probe frequencies within a +£120-Hz range around
6 kHz. The purpose of these measurements was to
find a proximal frequency for which the effect of
efferent activation was the strongest to ensure that
robust effects were observed, as was done in previous
studies (e.g., Guinan et al. 2003). Since no apprecia-
ble differences were found across the frequencies
tested, a 6-kHz probe was used for all the listeners
participating in the experiment. In addition, a sup-
pression technique was used to estimate the magni-
tude of the SFOAE at 6 kHz by intermittently
presenting a suppressor tone with a frequency of
5,890 Hz and a level of 70-dB SPL instead of the
harmonic complex elicitor during the continuous
probe presentation.

Stimuli were generated and recorded on a PC via a
24-bit D/A LynxTwo (LynxStudio) sound card using a
sampling rate of 44,100 Hz. The stimuli were deliv-
ered to the ear canal via the ear piece of an ER10C
system (Etymotic Research). The ear piece contained
two sound sources and one microphone. The probe
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Schematic illustration of the spectro-temporal configuration of stimuli used to measure changes in the ear-canal pressure produced by

on-frequency (A) and off-frequency (B) harmonic complex elicitors. The plus and minus signs indicate the alternating polarity of the elicitors in

consecutive presentations. The blue line represents the continuous probe.

and the elicitor were routed to separate sound sources
and presented ipsilaterally to the right ear for all the
listeners except S5 for whom stronger effects were
found in the left ear. The recorded waveforms were
analyzed online for artifact rejection. Only artifact-
free recordings contributed to the average waveforms
that were used for further analyses. Listeners com-
pleted the test with one elicitor configuration (on- or
offfrequency chosen at random) with different C
values selected in a random order before moving on
to the next. For each elicitor, 50 artifact-free 8.5-s
segments were recorded. During the recordings, the
listeners were seated in a comfortable reclining chair
located in a double-walled sound-attenuating booth.
They were asked to remain still but awake. The
listeners were given breaks as needed during which
they could choose to take the ear piece out or remain
in the booth with the ear piece in the ear canal. An in-
the-ear calibration was performed at the beginning of
each session, at the beginning of each elicitor
condition, after each break, and any time the probe
had to be repositioned, to make sure that the stimuli
were presented at the same level throughout the
experiment. Typically, recordings for all three C
values for one spectral configuration of the elicitor
were obtained without a break, before recordings for
the second spectral configuration commenced. The
measurements of the 6-kHz SFOAE with a suppressor
tone were performed after all the measurements with
harmonic complex elicitors were completed.

Analysis of the Recorded Waveforms

For each condition, recorded segments that passed
the online artifact rejection test underwent additional
visual screening to remove recordings that showed
small but systematic artifacts, such as those resulting
from slow shifts in the position of the ear probe
during the recorded segment. Discarded segments
were replaced by additional data collected to obtain a

total of 50 clean segments per subject. The segments
were then averaged, resulting in an 8.5-s waveform,
and high-pass filtered using an eighth-order
Butterworth filter with a cutoff frequency of 400 Hz.
The waveform was subsequently heterodyned to
obtain a complex-valued ear-canal sound pressure at
the probe frequency (Guinan et al. 2003; Backus and
Guinan 2006). The heterodyning involved the calcu-
lation of the analytic signal from the 8.5-s average
waveform, shifting it by the frequency of the probe,
and low-pass filtering the resultant complex-valued
waveform using a fourth-order Butterworth filter with
a cutoff frequency of 50 Hz. The waveform was then
downsampled to save storage space. The upper and
lower left panels of Figure 2 show the magnitude and
phase of the heterodyned ear-canal sound pressure at
the probe frequency, respectively, for the on-
frequency elicitor (blue line) and the off-frequency
elicitor (red line). To extract changes in the ear-canal
sound pressure due to the elicitor, the vector average
of the complex ear-canal sound pressure (i.e., the
mean real and imaginary part) was first calculated
within the 500-ms pre-elicitor window. The window
extended over the segment of the heterodyned
pressure waveform from 550 to 50 ms before the
elicitor’s onset (the green rectangle in the top left
panel of Fig. 2). Changes in the ear-canal sound
pressure were obtained by subtracting the mean real
and imaginary parts in the pre-elicitor window from
the real and imaginary part of every complex-valued
point of the heterodyned pressure waveform, respec-
tively. This vector subtraction resulted in a complex-
valued sound pressure representing the noise floor
during the time interval when the pressure at the
probe frequency was unaffected by an elicitor and in a
change in ear-canal sound pressure during the time
interval when the elicitor had an effect. The green
rectangle positioned at 3.70 s in the top right panel of
Figure 2 illustrates the position of the 100-ms post-
elicitor window used to estimate the effect of an
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elicitor on the ear-canal sound pressure at 6 kHz,
hereafter referred to as the residual. The residual was
calculated using a post-elicitor (rather than during-
elicitor) window to avoid effects of (two-tone) sup-
pression of the basilar-membrane response to the
probe by the components of the elicitor and to
capture the hypothesized dependence of the residual
on the elicitor’s phase curvature during the time
period over which the elicitor likely produced forward
masking. The post-elicitor window was positioned
20 ms after the offset of the elicitor—a delay that
did not include the exact temporal position of the
probe in the psychophysical forward-masking experi-
ment in the study by Wojtczak and Oxenham
(2009b)—to avoid the inclusion of effects of two-
tone suppression in the estimate of the residual. A
window immediately following the elicitor would
include such effects due to the processing performed
on the signal (low-pass filtering). The window was also
much longer than 10 ms (the duration of the probe in
the psychophysical study) to decrease the variability of
the estimated residual. However, it is reasonable to
assume that the differences in forward masking
observed over the first 10 ms of recovery should be
present throughout a time period over which forward-
masked thresholds are significantly above the thresh-
old in quiet. Thus, it is assumed that an exact match
between the temporal position of the probe in the
psychophysical task and the position of the post-
elicitor window in this study was not necessary for
the purpose of testing the working hypothesis. The
post-elicitor effect was calculated as 20log(4P),),
where AP, represents the magnitude obtained by
averaging the real and imaginary parts of the change
in ear-canal sound pressure within the post-elicitor
window (top right panel in Fig. 2). The post-elicitor
effects were then compared across the three C values
of the elicitor.

Results and Discussion

Figures 2 and 3 show examples of data from two
listeners. Each figure shows data for one arbitrarily
selected C value (indicated in the figure captions) to
illustrate two general patterns observed in the data.
These patterns did not show systematic dependence
on the C value or the elicitor condition (on- vs off-
frequency) across the listeners, and they are repre-
sentative of the general trends observed in the data
discussed below in detail.

The top and bottom left panels in Figures 2 and 3
show the magnitudes and phases of the averaged 8.5-s
heterodyned ear-canal pressure waveforms, respective-
ly, for the on-frequency (blue line) and off-frequency
(red line) elicitor conditions. The extracted changes
in the magnitude and phase of the ear-canal sound
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pressure at 6 kHz, 4P, are shown in the top and
bottom right panels, respectively. The vertical dashed
lines in all panels mark the elicitor’s onset and offset
times.

In both figures, the top right panels show a rapid
growth of the AP magnitude (expressed in dB) that
coincided with the onsets of the on- and off-frequency
elicitors. In Figure 2, the fast AP onset is followed by a
gradual (extending over a few hundred milliseconds)
increase in AP magnitude to an approximately
constant level, whereas in Figure 3 the onset is
followed by a small gradual decrease in AP magni-
tude. At first appearance, the effects during the
elicitor appear consistent with those reported in the
studies of the effect of efferent activation on the
SFOAE for broadband and notched noise elicitors
(Guinan et al. 2003; Backus and Guinan 2006). The
relatively slow buildup in Figure 2 seems consistent
with the effect of the MOCR taking over the initial
dominant effect produced by two-tone suppression of
the response to the 6-kHz probe on the BM. The slow
decrease in AP after the initial rapid increase in AP
magnitude in the right top panel of Figure 3 is
reminiscent of onset adaptation of the distortion
product otoacoustic emissions (DPOAEs) due to the
ipsilaterally evoked MOCR in cats shown by Liberman
et al. (1996). Liberman et al. argued that the
primaries presented at relatively high levels evoke
the MOCR which decreases the BM response to the
primaries (and thus the amplitude of DPOAE) via
efferent feedback. A similar finding in humans was
reported by Kim et al. (2001), but the effects were
smaller than those in animals. Given these reports, the
decrease in AP magnitude during the first few
hundred milliseconds of the elicitor appears consis-
tent with the effect of the MOCR on the elicitor itself.

However, the above interpretation in terms of the
effect of the MOCR on the SFOAE evoked by the 6-
kHz probe is complicated by very large AP magni-
tudes during the elicitor, particularly for the off-
frequency elicitor. In that condition, the AP magni-
tudes often exceeded the magnitudes of the SFOAEs
at 6 kHz measured using the standard suppression
technique (e.g., Brass and Kemp 1993; Guinan et al.
2003) by up to 10-15 dB for the subjects whose data
are shown in Figures 2 and 3 and for all of the other
subjects (data not shown). The large effects are
inconsistent with the results from previous studies
that used lower probe and elicitor levels to measure
the effects of efferent activation on the SFOAE
(Guinan et al. 2003; Backus and Guinan 2006;
Lilaonitkul and Guinan 2009b, a, 2012). In these
studies, the reported AP magnitudes were always a
fraction of the SFOAE magnitude measured with a
single-tone suppressor. Because of this discrepancy
and the uncertainty about the mechanism underlying
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FIG. 2. The magnitude of the ear-canal pressure (top left
panel), the phase of the ear-canal pressure (bottom left panel),
the change in magnitude (top right panel), and the change in
phase (bottom right panel) of the ear-canal pressure from
averaged recording segments. The blue traces show data
obtained for the on-frequency elicitor, and the red traces are
for the off-frequency elicitor. The green box in the top left panel

elicitor effects in this study, the AP magnitude was not
normalized by the SFOAE magnitude estimated using
the single-tone suppression technique, as was typically

illustrates the position of the window over which the vector
average of the pressure waveform was calculated. The green
boxes in the top right panel illustrate the positions of pre- and
post-elicitor windows used to estimate noise floor and the
elicitor effect, respectively. The data are for one listener, for
the on- and off-frequency elicitors generated with C=-1.

done by Guinan and colleagues (Guinan et al. 2003;
Backus and Guinan 2006; Lilaonitkul and Guinan
2009a, 2012). It should be noted that such normaliz-
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FIG. 3. As Figure 2 but for a different listener and for the on- and off-frequency elicitors generated with C=0.
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ing would not have affected the relative effects across
the three elicitor phase curvatures as it would amount
to subtracting the same dB amount from each effect
for a given subject.

There are a few possible explanations for why the
effect of the elicitor on the ear-canal pressure at the
probe frequency was greater than the estimated
SFOAE magnitude. One possible explanation is that
the intense elicitors used in this study drove the outer
hair cell stereocilia at the basal end of the cochlea
into their nonlinear region thereby generating an
SFOAE-like residual at the probe frequency via local
distortion processes, as reported in a study by Guinan
(1990). This explanation would imply that the elicitor
used as a forward masker in the previous psychophys-
ical study by Wojtczak and Oxenham (2009b) would
itself produce an additional source of energy at the
probe frequency and the amount of added energy
could depend on masker phase curvature, contribut-
ing to the observed masker phase effects. Although
appealing, this interpretation is weakened by the fact
that similarly large effects are present when the
harmonic complex elicitor is replaced by a notched
noise around 6 kHz and when the elicitor is presented
contralaterally to the probe (Walsh and Wojtczak
2014). Another possibility is that since the probe was
presented at 50 dB SPL, the SFOAE traveling back
through the middle ear to ear canal was generated
not only around the place with the CF of 6 kHz but
also contained significant contributions from basally
distributed generators (Siegel and Badri 2002; Siegel
et al. 2003; Siegel et al. 2004; Siegel et al. 2005;
Charaziak et al. 2013; Moleti et al. 2013; Sisto et al.
2013). A single-tone suppressor with a frequency
110 Hz below that of the probe may have been
insufficient to eliminate an SFOAE generated by all
the sources either via two-tone suppression or/and via
efferent activation. The highest component of the off-
frequency elicitor was 4,200 Hz, so it is unlikely that
this elicitor could eliminate the SFOAE at 6 kHz more
effectively than the 5,890-Hz tone via two-tone sup-
pression. However, because the off-frequency elicitors
had broader spectra, they may have been more
effective at suppressing the SFOAE generators via
the feedback-based efferent system, thus producing a
larger residual, 4P,

An alternative explanation for the sizeable AP
magnitude is in terms of the MEMR. The activation
of the MEMR would affect the impedance of the
middle ear, thereby changing the ear-canal sound
pressure in a way unrelated to the inner-ear response
and thus the SFOAE. A problem with this explanation
is that the effects of the MEMR are known to be quite
slow. Even for the most intense activators of the
MEMR (i.e., 110 dB or more), the effects have been
shown to exhibit at least a 20-ms latency followed by at
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least a 50—-100 ms buildup time (Hung and Dallos
1972). Thus, based on the reported time courses, the
MEMR could not account for the rapid change in the
ear-canal pressure shown in Figure 3.

After the offset of the elicitor (marked by the
vertical dashed line at 3.5 s), the data in both figures
show an initial rapid decrease in AP magnitude
followed by a very slow further decay during which
the effect remained significantly above the noise floor
for a period of several seconds. The presence of the
postelicitor effect is also evidenced by the relatively
narrow spread of the AP phase compared to that in
the pre-elicitor interval (between 0 and 1 s). As the
effect decreased to the level of the noise floor, the AP
phase became scattered over the range from —180 to
180 ©, as expected (e.g., Guinan et al. 2003). For the
off-frequency elicitor, data from all the listeners
exhibited a nonmonotonicity in the recovery function
that followed the fast decrease in AP magnitude at the
elicitor’s offset. The magnitude of the post-elicitor AP
was also in most cases larger for the off-frequency
elicitor than for the on-frequency elicitor.

Overall, the elicitors used in this study produced
substantial changes in the ear-canal pressure that
persisted for a long time after their offsets. The
recovery times were much longer than those reported
for the effects of efferent activation by a 60-dB SPL
notched noise on the SFOAE at 1 kHz (Backus and
Guinan 2006). The nonmonotonic behavior of the
post-elicitor AP magnitude suggests that more than
one mechanism may have played a role.

The post-elicitor effects expressed in dB SPL are
shown in Figure 4, for the on-frequency elicitor
(upper panel) and the offfrequency elicitor (lower
panel). In each panel, the three bars plotted for each
subject show the effect for the three phase curvatures
used, Schroeder-phase negative (filled bar), zero-
phase complex (coarse-hatched bar), and Schroeder-
phase positive (fine-hatched bar). The effects of the
elicitor were considered significant when they
exceeded 5 dB (i.e., exceeded two standard deviations
from the mean noise floor level calculated from the
average pre-elicitor AP magnitude obtained by aver-
aging the real and imaginary parts of the complex-
valued AP within the 100-ms pre-elicitor window
positioned at 0.85 s in the top right panel of Fig. 2)
and were statistically significant according to the one-
tailed Welch’s ¢ test. According to these two criteria,
all the effects shown in Figure 4 were significant. The
rightmost set of the bars shows the mean effect for the
seven subjects tested.

To be consistent with the original hypothesis of
Wojtczak and Oxenham (2009b), the effects shown in
Figure 4 for C=—1 and C=1 should have been
consistently larger or smaller than for C=0, depend-
ing on the mechanism involved. For example, if the



Woyrczak £T AL.: Role of Auditory Reflexes in Forward Masking

N C=-1
20 EZAaCc=0
10 F NN C =1

20 log(AP,,,,) [dB SPL]

S§1 S2 S3

S4

89

ON-FREQUENCY

AR RRRARRNY

S7 MEAN

FIG. 4. Effects of the on-frequency elicitors (upper panel) and off-frequency elicitors (lower panel) for the parameter C values of —1 (filled bars),
0 (coarse-hatched bars), and 1 (fine-hatched bars). The three rightmost bars in both panels represent the mean across the seven listeners tested.
The error bars on the rightmost bars represent one standard error of the mean.

effects in Figure 4 were due to the MOCR, and thus
due to a reduction of cochlear gain, then a greater
reduction in SFOAE magnitude (i.e., taller bars) for
C=-1 and 1 than for C=0 would be consistent with
the psychophysical forward-masking data. A similar
pattern would be expected if the effects reflected a
reduced admittance due to the activation of the
MEMR. If, however, the effects were due to an
increased admittance at 6 kHz, then a smaller change
in the ear-canal pressure (i.e., a smaller increase in
admittance) for elicitors with C=—1 and 1 compared
with that for the elicitor with C=0 would be consistent
with the psychophysical data. Neither result was
consistently observed in the individual or the mean
data shown in Figure 4. A repeated-measures two-way
ANOVA with the main factors of phase curvature and
condition (on- vs offfrequency elicitor) showed that
the effect of the phase curvature was statistically
significant [F(2,12)=4.34, $=0.04]. The post-elicitor
effect was significantly larger for off-frequency elici-
tors than that for on-frequency elicitors [£(1,6) =35.55,
$=0.001], but there was no significant interaction
between the elicitor’s phase curvature and condition
[F(2,12)=0.90, p=0.43]. Although the effect of the
phase curvature was significant, it reflected the
tendency for the elicitor effect to be the largest for
C=—1 and smallest for C=1, inconsistent with the
working hypothesis proposed to explain psychophysi-
cal masking by these harmonic complexes.

In summary, the original hypothesis that masker-
phase-dependent changes in forward masking can be
explained in terms of efferent effects was not support-
ed. All six elicitors (with three C values in on- and off-
frequency conditions) produced significant changes
in the ear-canal sound pressure at the probe frequen-
cy during and after the elicitor, but the changes were

not affected by the phase characteristics of the masker
in a way that was consistent with the psychophysical
forward-masking data in the study by Wojtczak and
Oxenham (2009b). In addition, based on the results
shown thus far, it is not possible to determine which
of the feedback-based reflexes, the MOCR or MEMR,
dominated these pressure changes. In the following
experiment, two paradigms were used to gain more
insight into the mechanisms producing the changes
in ear-canal sound pressure.

EXPERIMENT 2: EXAMINING THE ROLE
OF THE MIDDLE-EAR MUSCLE REFLEX

Rationale

Studies examining the influence of the MEMR on
measures of reflectance and admittance using wide-
band probe stimuli have shown no significant effects
at frequencies as high as 6 kHz (Feeney and Keefe
2001; Schairer et al. 2007). However, changes in AP
magnitude shown in Figures 2 and 3 do not appear
entirely consistent with the known characteristics of
the MOCR either. First, the recovery from the elicitor
effect was much longer than that the MOCR time
constants estimated by Backus and Guinan (2006).
Second, in some subjects, the AP magnitude during
the elicitor was larger than the magnitude of the
SFOAE estimated at 6 kHz using a tonal suppressor
(data not shown), which contrasts with the reported
MOCR effects that were a fraction of the SFOAE
magnitude observed using the suppression paradigm
(e.g., Guinan et al. 2003; Backus and Guinan 2006;
Lilaonitkul and Guinan 2012).

In this experiment, the role of the MEMR was
examined using two techniques that have been
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implemented in recent SFOAE studies to determine if
changes in the ear-canal pressure at the probe
frequency were elicited via MOC efferent activation
or whether they were due to changes in the acoustic
impedance at the tympanic membrane caused by a
contraction of the stapedial muscle (Guinan et al.
2003; Lilaonitkul and Guinan 2009b). One technique,
described by Guinan et al. (2003), involved measuring
the phase-gradient functions for the effects of the
elicitor. The technique is based on the assumption
that if the effect of the elicitor on the probe originates
in the cochlea, as in the case of MOCR activation,
then the phase-gradient functions should yield group
delays similar to those estimated from SFOAEs in the
spectral region around the probe frequency (Shera
and Guinan 2003). In contrast, a negligible group
delay should be observed if the effect of the elicitor is
due to the MEMR. The second technique, described
by Lilaonitkul and Guinan (2009b), involved using a
continuous suppressor tone and an intermittent
elicitor. This technique is based on the assumption
that once the SFOAE is eliminated by a continuous
suppressor, the effect of efferent activation due to the
elicitor should not be observed. Thus, the presence of
an elicitor effect with a continuous suppressor tone
would suggest that the effect is not generated in the
cochlea and therefore is not related to the probe-
evoked emission.

Because the cochlear group delay at 6 kHz is short
in humans (Shera and Guinan 2003), the variability in
the measurements of AP phase as a function of
frequency could be insufficient to distinguish between
the two reflexes (MOCR vs MEMR) with certainty.
Similarly, the results obtained with the continuous
suppressor would not provide a definitive answer if
the continuous suppressor did not completely elimi-
nate the SFOAE generated in the cochlea. By
obtaining consistent results from the two techniques,
stronger inferences could be made about the reflex
mediating the effects shown in experiment 1.

Listeners

Only three of the seven listeners (S2, S5, and S7) were
available for testing in this experiment. As in exper-
iment 1, the listeners were asked to remain still but
awake during the measurements.

Stimuli and Procedures

Both techniques used probe-elicitor configurations
that were identical to those shown in Figure 1, for the
on- and off-frequency elicitors. During the test with a
continuous suppressor, a 5,890-Hz tone was presented
with the 6-kHz probe throughout the trial. The level
of the suppressor was set to 70 dB SPL (i.e., 20 dB
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above the level of the probe). In selected cases where
the effects of the elicitor were not eliminated using
this suppressor level, a 75-dB SPL suppressor was used
to examine if the remaining effect was due to
incomplete suppression. For each of the six elicitor
conditions, 16 clean (i.e., artifactfree) recordings
were obtained and analyzed using the heterodyne
technique described above. Based on the data from
experiment 1, this number of repetitions was deemed
sufficient to obtain reasonable estimates of the effect.
Although the suppressor tone was not alternated in
polarity during the trial because of its continuous
presentation, the component at the suppressor fre-
quency and the emission evoked by it were removed
during the analysis of the recorded waveform by low-
pass filtering the analytic signal after shifting it by the
probe frequency, as described above.

Measurements of the phase-gradient function (4P
phase as a function of frequency) for each elicitor were
performed using nine probe frequencies, from 5,760 to
6,240 Hz in steps of 60 Hz. In all cases, the probes were
presented at 50 dB SPL. Sixteen recorded waveforms
were averaged to calculate AP phase for each probe
frequency. The phase estimates were obtained from the
APsegments starting 50 ms after the onset of the elicitor
and ending 50 ms before its offset. Changes in the ear-
canal sound pressure at the probe frequency during the
elicitor likely reflected a combined effect of BM
suppression and one or more of the efferentbased
reflexes. In most cases, even for the on-frequency
elicitors, changes in the ear-canal sound pressure
showed an initial effect with a rapid onset, likely due
the BM suppression that was subsequently dominated by
an effect with a slower buildup time (see the blue curve
in the top right panel of Fig. 2). This pattern suggests
that an efferent-based effect dominated changes in the
ear-canal sound pressure even during the elicitor, once
the effect built up to its asymptotic strength. However, in
a few cases, it was not clear which effect was dominant,
and the dominating effect sometimes varied across the
probe frequencies. For this reason, the phase-gradient
functions were also derived for the effects within the
100-ms post-elicitor window, although due to the
relatively small number of measurements and the short
time interval, these functions are more variable than the
ones obtained from the much longer segment during
the elicitor.

Results and Discussion

Figure 5 shows the individual data from the three
listeners. The left panels show decibel differences

between AP magnitudes in the 100-ms post- and pre-

elicitor windows (QOlog(jI;—’:ft) ). The pre-elicitor

window (the green box in the top right panel of
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FIG. 5. Left panels show the effects of the on-frequency elicitors
(blue bars) and off-frequency elicitors, referenced to the noise
floor, in the absence (filled bars) and the presence (hatched bars)
of a continuous suppressor of a 6-kHz probe. The asterisks
above the bars denote significant elicitor effects. Right panels
show AP phase as a function of frequency in the region around
6 kHz. The blue curves are for the on-frequency elicitors, and

Fig. 2) contained a 100-ms sample of the noise floor.
This representation was used to illustrate the signifi-
cance of the elicitor effect or lack thereof. The filled
bars show the effects of the onHfrequency (blue bars)
and offfrequency (red bars) elicitors on AP magni-
tude, calculated based on the effects in dB SPL shown
in Figure 4 for the same subjects. The hatched bars
show the effects observed with the continuous 70-dB
SPL. suppressor tone. The asterisks above the bars
indicate significant effects of the elicitor according to
the 5-dB criterion and the one-tailed Welch’s ¢ test.
Increasing the suppressor level from 70 to 75 dB SPL
did not result in a decrease of the elicitor effect in any
of the selected cases (data not shown), indicating that
the significant elicitor effects observed with a contin-
uous suppressor were probably not due to incomplete
suppression of the SFOAE by the continuous 5,890-Hz
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the red curves are for the off-frequency elicitors. Different types
of lines are for different phase curvatures of the elicitor, as
shown in the legend in the top right panel. Thick curves were
obtained using the effects from the 100-ms post-elicitor window.
Thinner curves were obtained using changes in the ear-canal
pressure during the elicitor.

tone. The right panels show phase-gradient functions
for the six elicitors used. The blue and red curves
show the functions for the on- and offfrequency
elicitors, respectively. Different line types represent
data for different C values, as indicated in the legend
in the top panel. The thicker curves plotted in darker
shade were obtained using the effects in the 100-ms
post-elicitor window, while the thinner curves in
brighter shades were obtained from the segment
during the elicitor. Although the data from the post-
elicitor window exhibit substantial variability, they
show that with two exceptions (Sh for C=—1 and S7
for C=—1 in the on-frequency elicitor condition), the
slopes of the functions from the post-elicitor window
were similar to those for the during-elicitor segment.
The change from a negative slope during the elicitor
to a positive slope in the post-elicitor window for S
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suggests that the effect that produced post-elicitor
changes in the ear-canal sound pressure was likely
dominated by BM suppression during the course of
the elicitor. For S7, the results from the post-elicitor
window are too noisy to make inferences about the
change in the dominant mechanism between the
during- and post-elicitor time windows. Linear regres-
sion was used to estimate the group delay implied by
the phase-frequency function using the less variable
during-elicitor estimates. The group delays and the
goodness of fits (+* values provided in the parenthe-
ses) are shown in Table 1. Although for some data
sets, a straight-line fit poorly represented the shape of
the phase-gradient functions (e.g., Sb for the off-
frequency elicitor in the middle panel of Fig. 5), it was
considered a sufficiently good approximation for
estimating the group delay in this study.

As stated above, two techniques were used to
attempt to distinguish between different potential
reflexes underlying the effects shown in Figure 4.
The results of the two tests would be consistent with
the effects of the MOCR activation alone if (1)
significant effects disappeared in the presence of a
continuous suppressor, and (2) the phase-gradient
functions had negative slopes yielding estimates of the
group delay consistent with those reported by Shera
and Guinan (2003) for humans around 6 kHz (i.e., in
the range from about 0.5 to 6 ms). In contrast, the
results would be consistent with the effects of MEMR
activation if (1) the effects of the elicitors remained
unaffected by the presence of the continuous sup-
pressor or became slightly larger due to the increased
overall level of the stimulus resulting from the
addition of the suppressor, and (2) the phase-
gradient functions were flat, indicating a negligible
group delay during the elicitor. The results in Figure 5
are not entirely consistent with either set of predictions,
making the interpretation difficult.

In seven out of nine cases with the on-frequency
elicitor, the presence of the continuous suppressor
eliminated the significant effect of the elicitor, as
measured by AP, In contrast, in eight out of nine cases

TABLE 1
Group delays calculated from straight-line fits to phase-
gradient functions for the effects of on- and off-frequency
elicitors with phase curvatures given by C=-1, 0, and 1

Subject Elicitor =—1 (ms) C=0 (ms) C=1 (ms)
S2 On 0.66 1.3 0.61
Off -1.54 -1.53 -1.09
S5 On 2.2 1.34 2.02
Off -0.89 -1.19 -1.58
S7 On 1.58 0.39 -1.36
Off -1.38 -1.19 -1.35
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with the offfrequency elicitor, the presence of the
continuous suppressor did not eliminate a significant
AP, Thus, based only on the effects of the continuous
suppressor, it would appear that in general, the effects
of the on-frequency elicitor were mediated by the
MOCR, whereas the effects of the higher-level off-
frequency elicitor were mediated by another mecha-
nism, possibly the MEMR. However, an analysis of the
phase-gradient data did not always yield the same
conclusions. For instance, for subject S2, the effect of
the on-frequency elicitor measured with a continuous
suppressor remained significant for the elicitor phase
curvature defined by C=0, but the effect of the same
elicitor yielded the longest estimated group delay.
Also, most of the offfrequency elicitor data obtained
with a continuous suppressor showed a significant
residual AP while most of the phase-gradient func-
tions measured in the presence of the off-frequency
elicitors exhibited positive slopes yielding negative
estimates of the group delay instead of the nearzero
value expected for the effects of the MEMR.

The positive slope of the phase gradient function is
consistent with the idea that the elicitor may have
introduced an additional SFOAE at 6 kHz via a
distortion process at the basal end of the cochlea
(Guinan 1990). As the frequency of the probe used in
the measurements of the phase-gradient function
decreased, the peak of the traveling wave moved away
from the place where the SFOAE resulting from the
distortion may have been generated, thereby resulting
in a smaller phase delay of the SFOAE. The explana-
tion of the positive phase-gradient slopes in terms of
the elicitor inducing additional SFOAE energy via a
local distortion in the stereocilia is appealing because
it could also account for the abnormally large
residuals observed for the offfrequency elicitors. As
mentioned above, this explanation is weakened by
similarly large effects reported for notched noise
elicitors with the notch around a 6-kHz probe
(Walsh and Wojtczak 2014). Because of the frequency
of occurrence and in many cases the consistency of
the slope across elicitor C values (see red lines in the
bottom panel for S7), these results do not appear to
reflect mere measurement error and call for closer
attention in a follow-up study.

Overall, the data from the two tests appear to
suggest that the effects observed for the on-frequency
elicitors were predominantly mediated by the MOCR,
while a different mechanism was dominant for the
more intense off-frequency elicitors. Despite
performing both tests, it cannot be determined with
certainty that the effects elicited by the off-frequency
Schroeder-phase complexes were due to the activa-
tion of the stapedial muscle, mainly due to the often
positive rather than near-zero slopes of the phase-
gradient functions. Despite some uncertainties sur-
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rounding the interpretation of the data, they do not
provide support for the hypothesis that phase effects
observed in forward masking by the Schroeder-phase
complexes by Wojtczak and Oxenham (2009b) were
mediated by the mechanism(s) that produced chang-
es in the ear-canal sound pressure at the probe
frequency within this study.

EXPERIMENT 3: THE ROLE OF RESIDUAL
COMPRESSION IN OFFFREQUENCY FORWARD
MASKING BY SCHROEDER-PHASE COMPLEXES

Rationale

The results from experiments 1 and 2 do not support
the hypothesis that masker phase effects observed at
6 kHz with offfrequency maskers are due to differen-
tial activation of the MOCR. Therefore, alternative
hypotheses must be sought. Wojtczak and Oxenham
(2009b) argued that cochlear compression could not
account for the effect, because they assumed that the
offfrequency maskers in their study were processed
linearly at the CF regions on the BM corresponding to
the probe frequencies. This argument hinges on the
assumption that nonlinearity in BM processing dom-
inates psychophysical masking and other sources of
cochlear nonlinearity associated with the inner hair
cell (IHC) receptor potential and with nonlinearities
in mechanical coupling of BM motion to IHC
stereocilia (Stankovic and Guinan 1999; Guinan
2012; Zha et al. 2012) have negligible effects on
masking. The assumption has support in results
showing linear additivity of masking for low-level
stimuli in listeners with normal hearing and in
hearing impaired listeners with moderate hearing loss
(Oxenham and Moore 1995; Plack et al. 2008) and in
the fact that the slope ratio between growth of
masking by on- an off-frequency maskers is similar to
the slope of response growth on the BM (e.g.,
Oxenham and Plack 1997; Nelson et al. 2001).
However, although the off-frequency maskers were
centered one octave below the probe frequency, the
highest masker components were only about half-an-
octave below the signal frequency and thus may have
fallen into the range of frequencies for which the
response growth at the CF place on the BM corre-
sponding to the probe frequency was compressive.
Wojtczak and Oxenham argued that residual BM
compression would have more likely resulted in
significant effects of masker phase curvature for the
lower probe frequencies, 1 and 2 kHz, for which no
masker phase effects were observed, than for the 6-
kHz probe for which the effects were significant. This
argument was based on earlier reports that the
relative bandwidth of the compressive region around
the CF increases with decreasing CF (e.g., Lopez-
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Poveda et al. 2003), but no data were provided to rule
out the role of residual BM compression. In this
experiment, the role of BM compression of the off-
frequency masker of a 6-kHz probe was examined by
measuring forward masking produced by equally
intense pure-tone and amplitude-modulated (AM)
offfrequency maskers. It was assumed that if the
effects observed for the off-frequency Schroeder-
phase maskers at 6 kHz were due to residual
compression of the masker waveform on the BM,
then a negligible threshold difference should be
observed between the AM and pure tone maskers
since the highest component of the AM masker was
nearly a full octave below the probe frequency. If,
however, the effects were due to a mechanism that
differentially responds to maskers with flat and
fluctuating envelopes, then the AM masker should
produce lower forward-masked thresholds than the
pure tone with the same intensity, as was observed for
zero-phase (fluctuating) and Schroeder-phase (flat)
maskers.

Listeners

Five listeners (one male, four females) with normal
hearing participated in the experiment. Three of the
listeners (S1, S2, and S5) had also participated in
experiment 1. All the listeners had hearing thresholds
below 15 dB HL at audiometric frequencies between
250 and 8,000 Hz, as measured using an ANSI-
certified audiometer (Madsen Conera). The listeners
provided written informed consent before the partic-
ipation and were given a brief (about 15 min) practice
to become familiarized with the task.

Stimuli and Procedure

Forward masking of a 10-ms 6-kHz probe was mea-
sured for a 3-kHz pure-tone masker and a 100 % AM
3-kHz masker with the same overall level of 85 dB
SPL. The modulation rate of the AM masker was
100 Hz, and thus, the highest component in its
spectrum was 3,100 Hz (nearly an octave below 6
kHz). The starting phase of the modulation was
randomly selected on each trial. Two masker dura-
tions were used, 200 and 30 ms, resulting in a total of
four conditions (modulated, unmodulated x two
durations). The probe and the maskers were gated
using 5-ms raised-cosine onset and offset ramps. The
probe was presented immediately after the masker
(i.e., with a 0-ms delay between the 0-V amplitudes).
Forward-masked thresholds were measured using an
adaptive three-interval three-alternative forced-choice
procedure combined with a two-down one-up tracking
technique estimating the 70.7 % correct point on the
psychometric function (Levitt 1971). Within each trial,
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two of the observation intervals contained only the
masker and one, selected at random, contained the
masker followed by the probe. The listener’s task was to
select the interval with the probe. Visual feedback
indicating the correct interval was provided after each
trial. A run started with the probe presented at a clearly
audible level. The probe level was decreased by 8 dB
after two consecutive correct responses and increased by
the same step after one incorrect response until the first
two reversals were obtained. After that, the step was
decreased to 4 dB for the subsequent two reversals and
to 2 dB for the remaining eight reversals. A run
terminated after the total of 12 reversals were obtained
and a single-run threshold was estimated by averaging
the level of the probe at the last eight reversal points.
The final threshold was obtained by averaging three
threshold estimates from single runs. The order of the
four conditions was randomized for each listener and
each repetition.

The stimuli were generated digitally on a PC with a
sampling rate of 48 kHz and were played out via a 24-
bit LynxStudio Lynx22 sound card. All the stimuli
were presented monaurally (to the left ear) via a
Sennheiser HD 580 headset. The listeners were tested
in a double-walled sound-attenuating booth and
responded via a computer keyboard or mouse.

Results and Discussion

Figure 6 shows the forward-masked thresholds in the
four conditions obtained by averaging the data from
the five listeners tested. The left and right sets of bars
represent thresholds for the 200- and 30-ms masker
duration, respectively. The filled bars show thresholds
for a pure-tone (unmodulated) masker, and the
hatched bars show thresholds for a 100 % AM masker.
The error bars show one standard error of the mean.

Similar to the forward-masking data for the off-
frequency Schroeder-phase maskers in the study by
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FIG. 6. Forward-masked thresholds for a pure 3-kHz tone (filled bars)
and an equal-intensity AM 3-kHz tone (hatched bars). The left set of bars
shows data for the 200-ms maskers and the right set of bars for 30-ms
maskers. The error bars represent one standard error of the mean.
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Wojtczak and Oxenham (2009b), thresholds for
detecting the 6-kHz probe were lower when the off-
frequency forward maskers were modulated than
when their envelope was flat, even though the
maskers had equal intensity. The difference in
threshold between the two masker conditions was
greater for the 200-ms (about 9 dB) than for the 30-ms
maskers (about 4 dB). A repeated-measures ANOVA
performed using the forward-masked thresholds with
the main factors of condition (modulated vs unmod-
ulated masker) and masker duration showed a signif-
icant effect of AM [F(1,4)=26.31, p=0.007] but no
significant effect of masker duration [F(1,4)=2.74, p=
0.17]. The interaction between the masker duration
and condition just failed to reach significance
[£(1,4)=6.96, p=0.058]. A paired ¢ test performed on
differences between forward-masked threshold ob-
served for the pure-tone masker and that for the AM
masker showed that the difference between the two
thresholds was significantly smaller for the 30- than
200-ms maskers [#(4)=4.09, p=0.015].

Although the starting phase of the modulation was
randomly varied between trials, when comparing
thresholds for the pure-tone and AM maskers, it was
implicitly assumed that for a modulation rate of 100
Hz, forward-masked threshold did not depend on
whether the masker ended with a valley or a peak in
the envelope before the onset of the probe. This
assumption should hold based on the estimated
equivalent rectangular duration of the temporal
window used to fit combined effects of forward and
backward masking of a 6-kHz tone by Oxenham and
Moore (1994), which was in the range of 10-16 ms.
However, to rule out the possibility that masked
thresholds were lower for the AM maskers because
in some proportion of trials the probe followed low
intensity segments in the modulation cycle, forward-
masked thresholds were measured for a 200-ms AM
masker for the starting modulation phase in the
masker fixed at 0, n/2, &, and (3/2) 7 in separate
runs. Three out of the five listeners participating in
experiment 3 completed the task. The differences
between the highest and lowest thresholds across the
four AM starting phases ranged between 2.2 and 3.6
dB across the three listeners. The results analyzed
using a repeated-measures ANOVA with Greenhouse-
Geisser correction for the violation of sphericity
assumption showed no significant effect of the
modulation phase on threshold [F(1.14,2.27)=5.22,
$=0.14]. In addition, a one-tailed ¢ test for groups with
unequal variance showed that the differences between
the thresholds observed for the AM maskers with a
randomized envelope starting phase and pure-tone
maskers were significantly greater than the differences
between the maximum and minimum thresholds
across the four fixed AM starting phases (p=0.016).
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The lack of threshold dependence on the local
intensity before the masker offset was consistent with
that shown by Carlyon and Datta (1997) for a 1,100-Hz
signal masked by Schroeder-phase positive and
Schroeder-phase negative complexes ending at differ-
ent points within the waveform cycle.

Lopez-Poveda et al. (2003) measured on- and off-
frequency temporal-masking curves and concluded
that once the probe frequency is about 4 kHz or
higher, the growth of the cochlear response to an off-
frequency masker an octave below the probe is linear,
consistent with mechanical BM responses measured at
the basal end of the cochlea (Ruggero et al. 1997;
Russell and Nilsen 1997). Given their conclusion, the
differences between thresholds observed with the
modulated and unmodulated maskers in experiment
3 could not be explained in terms of BM compression.
However, the psychophysical data obtained using
methods for estimating compression that rely on a
linear offfrequency reference (Oxenham and Plack
1997; Nelson et al. 2001; Lopez-Poveda et al. 2003)
cannot rule out the possibility that the response to the
masker an octave below the probe frequency is
compressive at the output of the cochlea. Data from
additivity of masking in a study by Plack and Arifianto
(2010) indicated compression of responses to oft-
frequency maskers and showed that the amount of this
compression increases with increasing masker level.
Plack and Arifianto suggested that the compression
reflects saturation of the IHC receptor potential
(Cheatham and Dallos 2001). This type of compression
would similarly affect responses to both the probe and
the offfrequency masker, but it would have a differen-
tial effect on equally intense maskers with flat versus
highly fluctuating envelopes in that the fluctuating
maskers would produce a weaker response after the
compression. Physiological studies have also provided
evidence for other sources of nonlinearity in post-BM
processing that may contribute to compressive growth
of responses to off-frequency stimuli at the output of
the cochlea. It has been shown that the tuning and
nonlinear growth of motion measured on the reticular
lamina, which contributes to the IHC response consti-
tuting the input to the higher-level processing, differs
from that observed for the BM motion (Chen et al.
2011; Guinan 2012; Zha et al. 2012). Guinan (2012)
considered several mechanical IHC drives that would
result in nonlinearity of IHC responses that would
increase with increasing level of stimulation. Because
the offfrequency stimuli in experiment 3 and in the
study by Wojtczak and Oxenham (2009b) were pre-
sented at a high level (85 dB SPL), it is possible that
post-BM cochlear compression of the off-frequency
maskers produced the lower masked thresholds for the
maskers with fluctuating envelopes than the maskers
with flat envelopes.

95

Although nonlinear IHC responses remain a possi-
ble candidate for the mechanism leading to lower
forward-masked thresholds for the AM masker than
the pure-tone masker in experiment 3, this account
does not explain why offfrequency masker phase
effects were observed for a 6-kHz probe but not for a
1- and 2-kHz probe in the study by Wojtczak and
Oxenham (2009b). This account also does not predict
masker duration effects observed in both studies.

GENERAL DISCUSSION

In this study, we set out to test the hypothesis that
Schroeder-phase complexes with flat envelopes at the
output of the cochlea are more effective at activating
the MOCR than the complexes of the same overall
level but with highly modulated envelopes, and that
this difference in MOCR activation produced masker-
phase-dependent thresholds in off-frequency forward
masking of a 6-kHz probe in the study by Wojtczak
and Oxenham (2009b). The data from experiment 1
showed large changes in the ear-canal pressure at
6 kHz in response to both on- and offfrequency
Schroeder-phase complexes. Although in some cases
the AP magnitude exceeded the magnitude of the
SFOAE at 6 kHz measured using a suppression
technique, the results from experiment 2 were
generally consistent with the idea that on-frequency
elicitors activated the MOCR thereby suppressing the
probe-evoked SFOAE. In contrast, the results for the
offfrequency elicitors were not consistent with the
effects of the efferent feedback and the exact
mechanism cannot be pinpointed by the data from
this study. One reason why a different mechanism
might have been activated by the off-frequency
elicitors was their higher level (75- vs 65 dB SPL for
the on-frequency elicitors). A straightforward expla-
nation is that the offfrequency elicitor activated the
MEMR and the changes in the ear-canal sound
pressure at the probe frequency measured in exper-
iment 1 reflected changes in the acoustic impedance
at the tympanic membrane rather than changes in the
SFOAE. However, this explanation is undermined by a
lack of evidence that the MEMR significantly affects
transmission at frequencies as high as 6 kHz (Feeney
and Keefe 2001; Schairer et al. 2007). An alternative
explanation is that the off-frequency elicitor produced
an additional 6-kHz SFOAE by driving stereocilia into
their nonlinear-processing region thereby generating
energy at 6 kHz that traveled back through the middle
ear to the ear canal. This possibility will be investigat-
ed in a follow-up study.

Another interesting aspect of the results from
experiment 1 was that the changes in the ear-canal
sound pressure at the probe frequency persisted for
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several seconds after the offset of the elicitor.
Although the specific values of time constants for
the decay of the effect were not estimated, visual
inspection of the data from experiment 1 suggests
that they were similar for the on- and offfrequency
elicitors. This is surprising given that the results from
experiment 2 suggest that the two types of elicitors
may have activated different mechanisms. Backus and
Guinan (2006) estimated that it takes about 200 ms
for the cochlear response to recover from the effects
of MOCR activation. This estimate was obtained by
measuring changes in the SFOAE evoked by a 40-dB
SPL 1-kHz probe that were elicited by a 60-dB SPL
notched noise. In this study, the probe and elicitor
levels were higher than those used by Backus and
Guinan. Data from experiment 2 suggest that the
effects dominating changes in the ear-canal sound
pressure elicited by on-frequency Schroeder-phase
complexes were of cochlear origin. If indeed the
effects resulted from MOCR activation, the long
recovery times for the 6-kHz probe may suggest
frequency-dependent recovery times from efferent
activation. However, the long recovery may also
suggest that a mechanism different from the MOCR
played a role. One earlier study, by Goodman and
Keefe (2006), which used a double-evoked SFOAE
assay (Keefe and Ling 1998) to measure changes in
the so-called “nonlinear SFOAE component” due to
an elicitor, reported long decay times of the effect of
an ipsilateral notched noise elicitor on a high
frequency probe (~3.5 kHz) in the absence of the
elicitor’s effect on the simultaneously presented low-
frequency tone (~250-300 Hz). Since no effect was
observed at low frequencies, they assumed that the
MEMR was absent and the effect observed at the
higher frequency was due to a different mechanism.
Even in the presence of the MEMR effect at the low
frequency, the recovery time for the post-elicitor
effect on the high-frequency probe was much longer,
suggesting that different mechanisms produced
changes in the ear-canal sound pressure for the low
and high probe frequency. Goodman and Keefe
(2006) provided no clear explanation for that result.
Although they were confident that the effect on the
low-frequency probe reflected activation of the
MEMR, the effect with a longer decay time at the
high frequency was hypothetically attributed to intrin-
sic cochlear processes that had been previously
considered as mechanisms mediating DPOAE adapta-
tion (Liberman et al. 1996; Kim et al. 2001). Although
the AP magnitudes measured in this study were much
larger than those suggested by the studies of DPOAE
adaptation, the role of intrinsic cochlear processes
cannot be ruled out by our experiments.

An alternative but also speculative explanation is
that the offfrequency elicitors activated the tensor
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tympani. Very little is known about the effects of
contraction of the tensor tympani in humans except
that early studies of tympanic muscle effects have
suggested that the MEMR in humans is only mediated
by the stapedial muscle (Jepsen 1963; Moller 1964).
What makes the tensor tympani worth considering is
that direct and selective activation of the stapedial and
the tensor-tympani muscles by electric pulses in
guinea pig showed that the effects of contraction of
the two muscles have different transfer characteristics
across the audible frequency range (Nuttall 1974).
While contraction of the stapedial muscle only
produced changes in the transmission of frequencies
below 2 kHz, contraction of the tensor tympani
exhibited a nonmonotonic pattern of changes in the
transmission magnitude, from attenuation at low
frequencies to gain at frequencies between about 1.5
and about 5-6 kHz, and then attenuation in the
highest frequency range. We were unable to find a
study that reports the recovery time from activation of
the tensor tympani in humans or in animals, but the
recovery from activation of the acoustic reflex in
humans was shown to be independent of the frequen-
cy and level of the activator, for frequencies up to
1.5 kHz (Hung and Dallos 1972). No difference was
also found in recovery times between tonal and
broadband noise activators in that study.

In summary, although the SFOAE measurements
promised to be a convenient noninvasive probe into
the cochlear mechanics and the role of the MOCR in
perception, the data proved difficult to interpret. In
particular, using psychoacoustically relevant stimulus
parameters, such as medium-level probes and higher-
level elicitors, runs the risk of introducing confound-
ing factors when evaluating the SFOAEs. On the other
hand, the use of the higher-level stimuli, like those
typically used in psychophysical tasks, may reveal
effects that are shown more clearly by the measure-
ments of changes in sound pressure in the ear canal
than by psychophysics, such as the unexpectedly long
recovery times from the elicitor effects. Some of these
effects may significantly affect psychophysical results
in ways that have yet to be determined.

Assuming that for a given elicitor type (i.e., on- or
offfrequency harmonic complex) the same mecha-
nism mediated sound pressure changes in the ear
canal for all three C values in Eq. 1, the lack of
consistent effects of C suggests that neither MOCR
nor MEMR was responsible for masker-phase-
dependent thresholds in forward masking of a 6-kHz
probe by off-frequency Schroeder-phase complexes. It
is worth noting that listeners were passive observers in
experiment 1, in that they were not required to pay
attention to the stimuli during the recording from the
ear canal. Because some past studies have shown small
but significant effects of attention on the effects of
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efferent activation (Giard et al. 1994), it cannot be
ruled out that a different result would have been
observed had the listeners been involved in actively
performing the forward masking task during the
measurements of the SFOAEs.

Data from experiment 3 indicated that residual BM
compression was unlikely to have been a factor in
forward masking by the off-frequency Schroeder-
phase complexes in the study by Wojtczak and
Oxenham (2009b). This conclusion is also supported
by the fact that offfrequency masker phase effects
were not observed in that study at the two lower probe
frequencies used, 1 and 2 kHz, for which residual
compression of the offfrequency maskers would have
been more likely. Compression in the IHC response
remains a possible candidate for a mechanism under-
lying the offfrequency masker phase effects, although
it too fails to account for why the effect is not
observed at lower signal frequencies.
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