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The detectability of a 10-ms tone masked by a 400-ms wideband noise was measured as a function
of the delay in the onset of the tone compared to the onset of the noise burst. Unlike most studies
like this on auditory overshoot, special attention was given to signal delays between 0 and 45 ms.
Nine well-practiced subjects were tested using an adaptive psychophysical procedure in which the
level of the masking noise was adjusted to estimate 79% correct detections. Tones of both 3.0 and
4.0 kHz, at different levels, were used as signals. For the subjects showing overshoot, detectability
remained approximately constant for at least 20–30 ms of signal delay, and then detectability began
to improve gradually toward its maximum at about 150–200 ms. That is, there was a “hesitation”
prior to detectability beginning to improve, and the duration of this hesitation was similar to that
seen in physiological measurements of the medial olivocochlear �MOC� system. This result provides
further support for the hypothesis that the MOC efferent system makes a major contribution to
overshoot in simultaneous masking.
© 2010 Acoustical Society of America. �DOI: 10.1121/1.3480568�
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I. INTRODUCTION

Under certain stimulus conditions, the detectability of a
tonal signal presented soon after the onset of a burst of mask-
ing noise can be considerably worse than when the presen-
tation of the tone is delayed. This effect has been called
overshoot or the temporal effect, and it has been the object of
considerable research since its discovery by Zwicker �1965a,
1965b� and Elliott �1965�. The optimal conditions for over-
shoot include: tonal signals only a few milliseconds in dura-
tion, tonal signals relatively high in frequency, wideband
maskers of moderate spectrum level, and signals having de-
lays of just a few milliseconds being compared to those hav-
ing delays of about 150 ms or more �e.g., Bacon, 1990; Ba-
con and Smith, 1991; Wright, 1995, 1996, 1997�.
Historically, the explanations for overshoot appealed to
short-term neural adaptation or short-term depletion of neu-
rotransmitter substance �Smith and Zwislocki, 1975; Smith,
1979; Westerman and Smith, 1984�, but von Klitzing and
Kohlrausch �1994� suggested that the olivocochlear efferent
system might be involved, and considerable research since
then has supported this suggestion �Strickland, 2001, 2004,
2008; Keefe et al., 2003, 2009; Walsh et al., 2010a, 2010b;
also see Kawase et al., 1993�.

Guinan and colleagues have used a version of the
stimulus-frequency otoacoustic emission �SFOAE� to study
the behavior of the medial olivocochlear �MOC� efferent sys-
tem in humans �e.g., Guinan, 2006; Guinan et al., 2003;
Backus and Guinan, 2006�. Among their numerous findings
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are: the MOC system is more strongly activated by noise
bands of moderate width than by tones or sounds with nar-
row bandwidths; the onset of the MOC response is not seen
immediately upon presentation of the eliciting noise band but
exhibits a time lag �a “hesitation”� of about 25 ms; and once
activated, the MOC system causes Guinan’s SFOAE mea-
sure to increase in magnitude with a fast time constant of
about 70 ms.

Recently, Walsh et al. �2010a, 2010b� reported that a
nonlinear version of the SFOAE �called the nSFOAE� dem-
onstrates numerous characteristics similar to the SFOAE
measured by Guinan and also similar to overshoot measured
behaviorally in the same ears. Namely, the nSFOAE in-
creased in magnitude as the presentation of a brief, high-
frequency probe tone was increasingly delayed following the
onset of a long-duration, wideband noise, and that rising,
dynamic response also existed when the noise was low-
passed below the signal frequency but not when the noise
was band-passed or high-passed. These, and other, parallels
with behavioral overshoot suggested that aspects of cochlear
micromechanics play a major role in the existence of behav-
ioral overshoot; that is, �for some listeners� behavioral over-
shoot appears to be an obligatory consequence of the func-
tioning of the human cochlea rather than the result of some
form of neural adaptation.

Of special interest here is the fact that the nSFOAE re-
sponse of Walsh et al. �2010a� often demonstrated a “hesita-
tion” of about 25 ms before beginning to increase, much like
the “onset delay” seen by Backus and Guinan �2006� for
their SFOAE measure. If the nSFOAE response truly is tap-
ping aspects of cochlear behavior that are related to the

mechanisms responsible for behavioral overshoot, then be-
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havioral overshoot ought to contain a hesitation like that seen
in the physiology. Curiously little psychophysical evidence is
available on this matter. Investigators studying overshoot
typically have used only one value of signal delay in the
region of interest here and one other delay in the range of
about 150–250 ms, and even when more numerous values of
signal delay were tested, few were in the region of interest
here. That is, the literature provides little evidence on
whether behavioral overshoot shows hesitation, because the
relevant range of signal delays has not been thoroughly in-
vestigated. The few relevant reports are discussed in Section
IV below. Hill et al. �1997� reviewed the literature on the
time elapsing before a change was seen in various physi-
ological measures, including OAEs, after presumed activa-
tion of the olivocochlear efferent system. Most of the re-
ported latencies ranged from about 5–40 ms �with one being
140 ms�, depending upon the specific measure, the eliciting
stimulus, the procedure, and the species. These times are in
the same general range as the values of hesitation seen by
Guinan and colleagues and Walsh et al.

The use of the term “hesitation” here is not meant to
suggest that there is a time lag in the activation of the
mechanism�s� underlying the physiological or behavioral re-
sponse. Rather, “hesitation” simply denotes the time lag be-
tween the onset of the activating sound and the beginning of
a change in the physiological or behavioral data. Presumably,
the underlying mechanism is triggered immediately by the
sound, but its effects require time to be evident.

Because the MOC system appears to be heavily in-
volved in behavioral overshoot, because MOC-related mea-
surements often contain a hesitation of about 25 ms, and
because past investigators of behavioral overshoot typically
did not explore in detail the first 30 ms or so of signal delay,
we designed a study to determine if signal detectability in a
behavioral overshoot task remains relatively constant �shows
a hesitation� over a range of short delays in signal onset, as
the physiological, OAE measures suggest.

II. METHODS

A. General

Two crews of listeners were tested with slightly different
stimuli. All members of a crew were tested simultaneously
when possible. Six listeners served in both crews, and three
others served only on one. The primary reason for testing the
second crew was that the masker levels needed by the first
crew were weaker than are commonly viewed as optimal for
producing overshoot �see below�. Additionally, we were able
to verify the generality of the initial findings by testing the
second crew at a different signal frequency as well as with a
stronger signal and masker.

B. Subjects

For the first crew, three females �aged 21–27� and five
males �aged 20–21� were hired. The second crew consisted
of three females �aged 25–27� and four males �aged 20–21�;

two of the females and all four of the males also served on
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the first crew. All of the subjects in both crews had dozens of
hours of previous listening experience on overshoot and
other auditory tasks.

All subjects had audiometrically normal hearing sensi-
tivity ��15 dB Hearing Level� in both ears for the standard
audiometric frequencies between 250 and 8000 Hz, and nor-
mal middle-ear function as measured by a clinical audiomet-
ric screening device �Auto Tymp 38, GSI, Inc.�. All subjects
were paid for their participation. Both crews were tested on
tasks other than hesitation, and those results will be reported
elsewhere. About five weeks elapsed between the testing of
the first and second crews.

C. Procedures

The procedures used to collect overshoot data were de-
scribed in Walsh et al. �2010b�. Briefly, the individual trials
were two-interval, two-alternative forced choice; the signal
level was fixed and the masker level was adjusted using a
three-up/one-down decision rule that estimates the level re-
quired for 79% correct decisions �Levitt, 1971�; the step size
was 2 dB; there were 50 trials per block; multiple subjects
were tested simultaneously; the trial lengths were fixed, not
self-paced; the headphones were TDH-39s in circumaural
cushions; and only the right ear was stimulated. Each trial
had a 1-s response interval during which the subject had to
respond, or else that trial was ignored for that subject. At
least the first two reversals of each block of trials were dis-
carded, and the mean of the final even number of reversals
was taken as the estimate of sensitivity. Blocks of trials hav-
ing fewer than 45 responses, fewer than four remaining re-
versals, or standard deviations of the reversals greater than
3.5 dB were discarded. For the first crew, three or four usable
blocks were collected for each condition of listening for each
subject; for the second crew, between 8 and 12 usable blocks
were collected for each condition.

The masking noise was 400 ms in duration and was
gated with a 2-ms rise/fall time; the noise was wideband
�0.1–6.0 kHz� and a new sample was generated for every
observation interval of every trial; the signal was a 10-ms
tone burst, gated with a rise/fall time of 5 ms �no steady-state
segment�; the signals and noises were generated using a sam-
pling rate of 50 kHz and 16-bit resolution; and the time
between observation intervals was 500 ms in order to allow
the auditory system to “reset” �see McFadden, 1989�.

For the first crew, the signal was 4.0 kHz and 60 dB SPL
at maximum amplitude; for the second crew, the signal was
3.0 kHz and 70 dB in level. For the first crew, the signal
delays ranged from 3 to 45 ms in 3-ms increments, plus 100,
150, and 200 ms. For the second crew, the signal delays
ranged from 3 to 45 ms in 6-ms increments, plus 100, 150,
and 200 ms.

The signal delay was constant for all trials in a block.
The same value of delay was tested on four consecutive
blocks. The data for the different delays were collected in a
pseudorandom order that differed across signal frequency,
and to some extent across individual subjects �e.g., when
makeup sessions were required�. Prior to each set of four

blocks, the subjects were told only whether the signal would
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appear near the beginning or in the middle of the noise burst.
Again, all subjects were highly practiced at overshoot and
several other psychophysical tasks.

The Institutional Review Board at The University of
Texas at Austin approved this research protocol, and in-
formed consent was obtained from all subjects prior to the
study.

III. RESULTS

For both signal frequencies, the detectability of the sig-
nal �and thus the magnitude of the overshoot� did remain
approximately constant for delay values ranging from 3 to
about 30 ms, beyond which detectability began to improve
slowly �masker level increased�. Thus, these behavioral data
contain a hesitation similar to that observed in physiological
measures of SFOAEs �Backus and Guinan, 2006; Walsh et
al., 2010a, 2010b�.

To illustrate how the detectability of the tone changed
across signal delay, the noise levels required for the criterion
level of masking were averaged across subjects for each
value of delay tested, and those means are shown in Fig. 1.
At the bottom of Fig. 1 are the data for the first crew �4.0-
kHz signal at 60 dB�, and at the top are those for the second

FIG. 1. Overall level of the masker needed for constant detectability of the
10-ms tonal signal as a function of the delay in the signal’s onset following
the onset of the wideband masking noise �400 ms in duration�. The data at
the top are for a 3.0-kHz signal of 70 dB SPL; the data at the bottom are for
a 4.0-kHz signal of 60 dB SPL. Each point is a mean of six �top� or seven
�bottom� subjects; five subjects were common to the two sets of data; the
flags indicate standard errors of the mean; and the short line segments illus-
trate the running average across successive pairs of delay values. For clarity,
the abscissa spacing is different for the two ranges of values of signal delay.
“Ovs” designates the difference between the 200- and 3-ms means �the
overshoot�. The corresponding data for individual subjects are shown in
Figs. 2 and 3. The data for subject NN were excluded from both the 3.0- and
4.0-kHz plots because he showed minimal overshoot.
crew �3.0-kHz signal at 70 dB�. For each set of data, a two-
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point running average also is shown �solid lines�. The mean
values of overshoot �Ovs� shown are the differences in
masker level required for signal delays of 200 and 3 ms; we
presume that the small values obtained are primarily attrib-
utable to subject sampling. Note that more blocks were col-
lected from each subject for the 3.0-kHz signal than for the
4.0-kHz signal. The error bars in Fig. 1 reveal that for both
frequencies the individual differences were greater for the
short-delay than for the long-delay conditions; that same ef-
fect also was evident within subjects �see below�. The ap-
pearance of a second plateau in the 4.0-kHz data is not evi-
dent in the data for any of the individual subjects �see
below�; rather, it is an artifact of the averaging process. The
data from subject NN were excluded from Fig. 1 because he
showed minimal overshoot �see below�.

Visual inspection of the 3.0-kHz data in Fig. 1 suggests
that detectability remained about the same for signal delays
ranging from 3 ms to about 30 ms, and then began to im-
prove, but statistical analyses failed to confirm this apparent
improvement. Repeated-measures analyses of variance
�ANOVA� with signal delay as the single factor were applied
to different ranges of signal delay. When the range was 3–45
ms, there was no statistically significant effect �F=1.52, p
=0.19�. That is, the apparent improvement beyond about 30
ms could not be confirmed statistically with the Ns and the
individual differences that exist in these data �see below�.
When the ANOVA was recalculated after including one ad-
ditional value of delay �100 ms�, the outcome was significant
�F=3.76, p=0.002�. When corresponding analyses were
performed on the 4.0-kHz data, the same pattern of outcomes
was observed.

The individual data upon which Fig. 1 was based are
presented in Figs. 2 and 3, for the first and second crews,
respectively. The top five panels in each figure are for sub-
jects who served in both crews. Each panel of each figure
contains an estimate of overshoot magnitude �again calcu-
lated as masker level required at 200 ms minus masker level
required at 3 ms�. As can be seen in Fig. 2, subject NN had
essentially no overshoot at 4.0 kHz; the same was true at 3.0
kHz, and for this reason, NN was excluded from Figs. 1 and
3.

Surely the most obvious characteristic of the individual
data in Figs. 2 and 3 is the variability, both within and across
subjects. This has been reported for overshoot data since the
discovery of the effect �e.g., Zwicker, 1965a, 1965b; Elliott,
1965; McFadden, 1989; Champlin and McFadden, 1989;
Schmidt and Zwicker, 1991; Bacon and Smith, 1991; Wright,
1995, 1996; Strickland, 2004�. Even with this variability,
however, the data for most of the subjects generally followed
the trend shown by the across-subject means in Fig. 1.
Namely, detectability generally remained reasonably con-
stant over a range of short signal delays and then began to
improve �stronger maskers required� toward the eventual
maximum. Thus, overshoot did not begin to decline immedi-
ately with increasing signal delay, but showed a hesitation.
Some apparent exceptions to this general pattern can be seen.
The data for both subject JP in Fig. 2 and subject JZ in Fig.
3 appear to be continually rising over the range of short

delays studied. We are doubtful that this pattern would sur-
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vive more intensive study, in part because the data for sub-
ject JZ at the other signal frequency were noticeably more
typical �flatter� than those at 3.0 kHz. Another exception is
that subject TW �Fig. 3� did exhibit a range of relatively
constant detectability, but only after an initial step up from
poorer detectability. Only research on additional subjects can
determine whether these individualistic patterns reflect inter-
esting differences in the physiological mechanisms contrib-
uting to overshoot. For the present, we believe that the aver-
age data of Fig. 1 are more informative about the issue of
hesitation than are the individual data of Figs. 2 and 3.

The signal level used for the first crew �60 dB SPL� was

FIG. 2. Overall level of the wideband masking noise needed for 79% corre
onset. Each panel contains the data for a single subject. The flags indicate st
3-ms means �the overshoot�. Because subject NN had minimal overshoot �bo
based on three or four blocks of 50 trials each.
chosen with the expectation that most listeners would require
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masking noises of about 60–65 dB in overall level �about 25
dB spectrum level�, which is in the range generally regarded
to be optimal for overshoot �Bacon, 1990; Overson et al.,
1996�. That also matches the spectrum level used for the
majority of our nSFOAE measurements. However, our sub-
jects generally were less sensitive than expected, so the
masker levels necessary for 79% correct detections uni-
formly fell below the optimal range, and overshoot magni-
tudes �see Fig. 2� were smaller than commonly is seen at 4.0
kHz. Consequently, the signal level was increased to 70 dB
for the second crew of listeners, and the masker levels in-
creased accordingly; however, the magnitudes of overshoot

tections of a 4.0-kHz, 10-ms tone presented at various delays after masker
d errors of the mean. “Ovs” designates the difference between the 200- and
right panel�, his data were excluded from Figs. 1 and 3. Each data point was
ct de
andar
ttom
did not increase much for most of the six subjects who
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-ms m
served in both crews. We have no explanation for this. None-
theless, the presence of hesitation was evident both in the
mean data �Fig. 1� and generally in the data for most of our
individual subjects �Figs. 2 and 3�.

IV. DISCUSSION

The outcome here of primary interest is that the magni-
tude of behavioral overshoot did not begin to decrease im-
mediately as signal delay was increased from masker onset.
Rather, for both test frequencies and both signal levels, the
detectability of the signal remained approximately constant
for at least 30 ms before beginning to improve toward its
eventual maximum at about 150–200 ms. This hesitation is
quite similar to that observed by Backus and Guinan �2006�
for a measure of the SFOAE, also by Walsh et al. �2010a� for
a nonlinear version of the SFOAE, and by numerous other
investigators using an array of measures, stimuli, and species
�see Hill et al., 1997�. The existence of a hesitation in both
the behavioral and physiological measures strengthens the
argument that these physiological measures are tapping
mechanisms that are relevant to the processing underlying
behavioral overshoot. Specifically, these parallels strengthen

FIG. 3. Overall level of the wideband masking noise needed for 79% corre
onset. Each panel contains the data for a single subject. Note the different ra
errors of the mean. “Ovs” designates the difference between the 200- and 3
the suggestion that the actions of the MOC efferent system
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are a major contributor to overshoot, as originally proposed
by von Klitzing and Kohlrausch �1994� and later elaborated
by Strickland �2004, 2008�, Keefe et al. �2009�, and Walsh et
al. �2010a, 2010b�.1

The available evidence suggests that the noise masker
activates the MOC efferent system, which increases the
amount of inhibition on the outer hair cells, thereby altering
the local micromechanics of the cochlea in a way that appar-
ently diminishes the ability of the noise to mask the signal
�Kawase et al., 1993�. Because overshoot-like effects can be
seen with tonal maskers �e.g., Bacon and Viemeister, 1985;
Bacon and Moore, 1986� even though tones are relatively
ineffective at activating the MOC system �Guinan, 2006;
Walsh et al., 2010a, 2010b�, there must be mechanisms other
than the MOC system also contributing to behavioral over-
shoot in some listening situations �arguments for multiple
mechanisms were made by Wright �1995, 1996, 1997� and
Scharf et al. �2008��, and hesitation may be absent or differ-
ent in those situations. Nonetheless, the existence of hesita-
tion in behavioral overshoot using stimuli that also lead to
hesitation in nSFOAEs, as were used here, does strengthen

tections of a 3.0-kHz, 10-ms tone presented at various delays after masker
of ordinate values for the middle pair of panels. The flags indicate standard

eans �the overshoot�. Each data point was based on 8–12 blocks of trials.
ct de
nge
the proposed link between overshoot and the MOC system.

McFadden et al.: Hesitation in overshoot 1919



Prior to the suggestion from von Klitzing and Kohl-
rausch �1994� that overshoot is largely attributable to activa-
tion of the efferent system, the prevailing explanation for
overshoot appealed to neural adaptation �Smith and Zwis-
locki, 1975; Smith, 1979; Westerman and Smith, 1984�.
However, neural adaptation failed to account for certain facts
of behavioral overshoot that are less of a problem for the
efferent explanation �see discussions by Bacon and Healy,
2000; Strickland, 2001�: �1� the magnitude of behavioral
overshoot �in humans� often greatly exceeds the 3–5 dB ad-
aptations predicted from the responses of primary auditory
fibers �of anesthetized laboratory animals� �see Bacon and
Moore, 1986�; �2� behavioral overshoot is under the control
of frequency regions adjacent to the signal frequency �e.g.,
McFadden, 1989; Bacon and Smith, 1991; Schmidt and
Zwicker, 1991; Overson et al., 1996�, and even can be ob-
served with maskers having no energy at the signal fre-
quency �Strickland, 2004�; �3� behavioral overshoot can be
observed using sounds in the contralateral ear, at least in
some subjects �Turner and Doherty, 1997; Bacon and Liu,
2000�. Nonetheless, some form of neural adaptation may be
contributing to overshoot in some listening situations along
with the contribution made by the MOC system. �Indeed,
some of the marked individual differences seen in overshoot
eventually may prove to be attributable to the balance of the
contributions from different mechanisms present in indi-
vidual listeners.� Note that distinguishing between a “pure”
neural adaptation and the effects of the efferent system is not
simple. The firing rate of a primary auditory neuron will
decline after activation of the efferent system, but there is a
time lag of a few tens of milliseconds before the decline
begins �Wiederhold and Kiang, 1970�, which is reminiscent
of the presumably MOC-based hesitation that is the topic of
this report.

A. Previous findings

A few previous studies also have employed multiple sig-
nal delays in the range from 0 to about 25 ms:

Zwicker �1965a� reported approximately constant over-
shoot for three signal delays of 5 ms or shorter, but the over-
shoot for delays of 10 and 20 ms was clearly smaller �his
Fig. 3�, unlike our present finding. Zwicker’s signal was a
5.0-kHz tone of 2-ms duration, his masker was wideband
noise, and the psychophysical method was adjustment.
Zwicker �1965b� also showed little evidence of hesitation
beyond about 10 ms �his Figs. 2 and 6�.

The figures of Elliott �1965� are difficult to read in the
region of short delays, and it is not clear how many short
delays were tested, but there appears to be little evidence for
hesitation �her Figs. 2–5�. The signal was a 1.0-kHz tone of
2-ms duration, the masker was wideband, and the psycho-
physical method was adjustment.

Miśkiewicz et al. �2006� varied signal delay in small
steps using lowpass, highpass, and bandpass precursors, al-
ways with a bandpass masker. The signal was a 5.0-kHz tone
of 2-ms duration, and the psychophysical method was adap-
tive forced-choice. The overshoot obtained with the highpass

precursor does appear to be reasonably constant from 0 to

1920 J. Acoust. Soc. Am., Vol. 128, No. 4, October 2010
about 6 ms of delay but it declined substantially by 22 ms of
delay, unlike the present results. Other aspects of the Miś-
kiewicz et al. data also are at odds with our findings; for
example, for Miśkiewicz et al., the highpass precursor pro-
duced more overshoot than the lowpass precursor whereas
we have seen the opposite effect �Walsh et al., 2010b�. Also,
for many of the Miśkiewicz et al. conditions, the masker was
only 30 ms in duration, which creates the possibility of offset
effects on the tonal signal �see Wright, 1995, 1997�.

Neither Bacon and Viemeister �1985� nor Bacon and
Moore �1986� systematically explored the short-delay region,
but the few short-delay values they did collect offered little
evidence for a hesitation preceding the inevitable improve-
ment in detection associated with long signal delays. Their
signals were a 1.0-kHz tone of 20-ms duration, their maskers
were tones either at or slightly above the signal frequency,
and their psychophysical methods were adaptive forced-
choice. These failures to see evidence for hesitation may be
attributable to their use of tonal maskers because tones are
less effective than noise bands at activating the mechanism
responsible for producing dynamic changes in the SFOAE
and nSFOAE responses �e.g., Guinan, 2006; Walsh et al.,
2010a, 2010b�. Also, their 20-ms signal constituted a sub-
stantial fraction of the presumed hesitation period. Formby et
al. �2000� also tested a large number of signal delays, but
they used a relatively narrowband noise for their masker,
again meaning that the MOC efferent system may not have
been effectively activated. Finally, Roverud and Strickland
�2010� used a 6-ms signal with some conditions mimicking
short signal delays, and did observe evidence of hesitation in
some subjects in some conditions; these investigators also
used tones for both maskers and signals.

So, prior to this study, the research literature was
equivocal about the existence of hesitation in behavioral
overshoot. As noted, the studies discussed differed from ours
in such parameters as signal duration, signal frequency,
masker complexity, and psychophysical procedure. Perhaps
one or more of these eventually will account for the various
differences in past outcomes. Nonetheless, at least with the
combination of acoustic stimuli and psychophysical method
we used, hesitation was commonly seen in our subjects.2
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1When comparing the durations of hesitation we measure behaviorally and
physiologically �Walsh et al., 2010a, 2010b�, it is important to note that
our nSFOAE responses were obtained with long-duration signals and were
analyzed using 20-ms windows, meaning that the physiological data plot-
ted at, say, 25 ms actually represented the average response magnitude
over the range from 25 to 45 ms. Thus, our physiological measures are
inherently underestimates of the duration of hesitation. The measure used

by Backus and Guinan �2006� does not involve a similar analysis window.
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2One implication of our finding hesitation with short signal delays is that
the change in tuning reported by Strickland �2001� as a function of time
since masker onset also ought to show hesitation; that is, the sharp tuning
observed with a signal delay of 2 ms ought to persist for another 20 ms or
so before beginning to decline toward the ultimate, broader value seen
with signal delays of about 200 ms.
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