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A narrowband signal is subjected to less masking from a simultaneously presented notched masker

if it is preceded by a precursor that occupies the same spectral region as the masker, a phenomenon

referred to as enhancement. The present study investigated (i) the amount of enhancement for the

detection of a narrowband noise added to a notched masker, and (ii) masking patterns associated

with the detection of tone pips added to the narrowband signal. The resulting psychophysical data

were compared to predictions generated using a model similar to the neural adaptation-of-inhibition

model proposed by Nelson and Young [(2010b). J. Neurosci. 30, 6577–6587]. The amount of

enhancement was measured as a function of the temporal separation between the precursor and

masker in Experiment I, and as a function of precursor level in Experiment II. The model captured

the temporal dynamics of psychophysical enhancement reasonably well for both the long-duration

noise signals and the masking patterns. However, in contrast to psychophysical data which

indicated reliable enhancement only when the precursor and masker shared the same levels, the

model predicated enhancement at all precursor levels. VC 2012 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4754527]

PACS number(s): 43.66.Dc, 43.66.Lj [CJP] Pages: 3363–3374

I. INTRODUCTION

Simultaneous masker energy is not the only determining

factor for the detection threshold of a signal. A copy of the

masker (a precursor) presented prior to the concurrent signal

and masker (e.g., the left panel of Fig. 1) can release the

signal from simultaneous masking by as much as 15 dB

(e.g., Viemeister, 1980; Carlyon, 1989; McFadden, 1989;

Strickland, 2004). Psychophysically, such auditory enhance-

ment has been demonstrated using various types of stimuli,

including tone complexes (e.g., Viemeister, 1980; Richards

and Neff, 2004; Richards et al., 2004), noises (e.g., Wright

et al., 1993), and speech stimuli (e.g., Summerfield et al.,
1987; Summerfield and Assmann, 1989). The amount of

enhancement is largest when the temporal separation

between the precursor and the masker is short (Viemeister,

1980; McFadden, 1989), and when the precursor/masker

level is high (Viemeister, 1980; Hicks and Bacon, 1992).

The current study replicates some of these previous findings

by measuring enhancement as a function of the duration of

the temporal gap between the precursor and masker and the

precursor level. Additionally, temporal masking patterns are

measured to probe the temporal dynamic of the enhancement

phenomenon. The psychophysical data are compared to pre-

dictions given by a phenomenological model of auditory

processing, in order to test an adaptation-of-inhibition hy-

pothesis for enhancement.

Various hypotheses have been proposed previously to

explain the origins of the enhancement effect. One explana-

tion proposes that enhancement is a consequence of periph-

eral adaptation (Viemeister, 1980), i.e., the reduction in the

sensitivity of the peripheral auditory system following sound

exposure. By this argument, if the precursor and masker

have the same spectra, the precursor would selectively

reduce the internal representation of the masker but not the

signal whose frequency resides outside the precursor’s band-

width. As a result, the signal-to-noise ratio at the output of

the auditory periphery would be increased by the presence of

the precursor. However, as pointed out by Summerfield et al.
(1987), auditory nerve adaptation alone cannot fully account

for the amount of enhancement because the time constants

associated with the recovery from peripheral adaptation are

typically shorter than those for the enhancement effect.

An alternative explanation for the enhancement phe-

nomenon proposed by Viemeister and Bacon (1982) sug-

gested a more complex role of adaptation. In one

experiment, Viemeister and Bacon (1982) studied the

enhancement of a target tonal component in a harmonic

complex following a precursor that consisted of the fre-

quency components of the masker with the target component

and the components just above and below the target compo-

nent removed. The level of the target component was held

constant and its efficiency in forward masking a brief tone

pip was measured. The authors found that introducing the

precursor increased the forward masked thresholds, suggest-

ing that the excitation generated by the target was increased

in the auditory system. Therefore, the enhancement effect

was probably not due to the attenuation of the masker by pe-

ripheral adaptation alone; it was accompanied by (or due to)

an amplification in the target region. Viemeister and Bacon

(1982) proposed an adaptation-of-suppression explanation of

the enhancement phenomenon, which stated that a notched

masker could cause reduced sensitivity in the region of its

spectral notch through a lateral suppression mechanism.

However, due to adaptation, the amount of suppression is
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reduced following the precursor, leading to an effectively

more intense signal in the notch.

Inspired by the adaptation-of-suppression hypothesis,

several studies have been conducted to investigate whether

the “suppression” described by Viemeister and Bacon (1982)

is peripheral with mixed results. Strickland (2004) extended

the hypothesis and suggested that the signal receives sup-

pression from the surrounding spectral region occupied by

the masker. When a precursor is presented immediately

before the masker, the cochlear gain in the masker frequency

region is decreased, possibly by the activation of the olivo-

cochlear efferent feedback system. This causes a decrease in

suppression received at the signal frequency. Using a phe-

nomenological model of auditory peripheral processing,

Strickland (2004, 2008) demonstrated that the extended ad-

aptation-of-suppression hypothesis could potentially be used

to explain the enhancement effect. On the other hand, Wright

et al. (1993) measured both enhancement and psychophysi-

cal two-tone suppression and found that listeners with stron-

ger suppression exhibited reduced enhancement, which was

not predicted by the adaptation-of-suppression hypothesis.

Palmer et al. (1995) investigated the enhancement phe-

nomenon physiologically at the level of the auditory nerve in

guinea pigs. Their stimuli paralleled those used by Viemeister

and Bacon (1982). For auditory nerve fibers tuned to the sig-

nal frequency, changes in spike rate were not found to depend

on the presence or absence of a precursor. While no

precursor-based gain in spike rate was observed for fibers

tuned to the signal frequency, off-signal-frequency fibers

exhibited more adaptation of responses owing to the presence

of the precursor. In a framework of the adaptation-of-suppres-

sion hypothesis, this physiological finding suggested that a

lateral inhibition mechanism at a location more central rela-

tive to the auditory nerve may be responsible for psychophys-

ical enhancement. Note that the findings of Palmer et al.
(1995) did not eliminate the possibility of a peripheral contri-

bution to the enhancement phenomenon because the anesthe-

sia used in this study might have affected the olivocochlear

efferent feedback system, which could potentially contribute

to the phenomenon (Nelson and Young, 2010a). As an exam-

ple of evidence of a non-peripheral component to enhance-

ment, Wang et al. (2012) observed an enhancement effect in

cochlear implant users.

Nelson and Young (2010a,b) measured neural correlates

of psychophysical enhancement at the level of the inferior

colliculus (IC). They found that many neurons in the IC

exhibited enhanced firing during the presentation of a signal

when a precursor was presented. They suggested a phenome-

nological model to explain the observed data. This consisted

of a model of auditory peripheral processing (Heinz et al.,
2001), coupled with a wideband inhibition mechanism. The

responses of units tuned to the signal frequency and inhibition

from units tuned to a broad range of off-signal frequencies

were integrated. By this mechanism the masker inhibits activ-

ity in response to the signal. Moreover, when the precursor is

present, the response to the masker is adapted, and thus the

inhibition to the signal is reduced, providing an effective gain

in response to the signal. This model provides a neural

account that is consistent with the adaptation-of-suppression

hypothesis proposed by Viemeister and Bacon (1982). Rec-

ognizing the role of inhibition in the Nelson and Young

(2010b) model, here the term “adaptation of inhibition,”

rather than “adaptation of suppression” is used to differentiate

this class of models from those models based on peripheral

suppression (e.g., Strickland, 2004; Jennings et al., 2011).

The current study compared psychophysical data and

predictions of a model based on the work of Nelson and

Young (2010a,b). In particular, the goal was to determine

whether a variant of their model could provide an understand-

ing of (i) the effects of the temporal separation between the

precursor and masker and (ii) the effects of precursor level on

auditory enhancement. In an effort to psychophysically eval-

uate changes in enhancement over relatively short time spans,

masking patterns (e.g., Zwicker, 1965; Fastl, 1977) were

measured. Additionally, the model proposed by Nelson and

Young (2010b) was implemented to provide a comparison

between predictions of an adaptation-of-inhibition model and

psychophysical data. If the model was able to accurately pre-

dict both the enhancement and masking pattern data, it would

provide support for an adaptation-of-inhibition hypothesis of

psychophysical enhancement.

II. GENERAL METHODS

A. Stimuli

1. Enhancement measurements

In both Experiments (Exps.) I and II, two psychophysi-

cal measurements were completed: enhancement and mask-

ing pattern. In the enhancement measurements, detection

thresholds of a narrowband-noise (approximately 0.6-octave

wide) signal were measured in the presence of a masker pre-

ceded by a precursor. Before each interval of each trial, the

center frequency of the signal, fc, was drawn at random from

a uniform distribution on a log-frequency scale spanning a

one-octave range centered at 2 kHz. By randomizing the

spectral location of the signal, the influence of the previous

presentation was minimized, i.e., to ensure that the measured

enhancement depended on the precursor, not the stimulus

from the previous presentation. The bandwidth of the

signal spanned from fc/1.2 (0.833fc) to 1.2fc. To generate the

signal, a spectrum was first constructed by combining a

FIG. 1. Schematics of the stimuli. In the enhancement measurements (left)

the detection thresholds for an added narrowband noise signal were deter-

mined. In the masking pattern measurements (right), the detection thresholds

for 6-ms tonal probes were obtained. For the latter measurements, the signal

level was 5 dB lower than the masker level (see text for details).
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Raleigh-distributed magnitude response and a uniformly dis-

tributed phase response (0–2p) and setting all spectral con-

tent outside of the signal bandwidth to zero. The spectrum

was then inverse-Fourier transformed into the time domain.

The same procedure was used to generate the masker and

precursor. The masker and precursor were notched noises,

each of which consisted of an upper frequency band between

1.2fc and 2.4fc and a lower frequency band between fc/2.4

(0.417fc) and fc/1.2 (0.833fc). The widths of the spectral

notches in the precursor and masker were chosen so that an

enhancement effect would be expected according to previ-

ously published enhancement studies (e.g., Carlyon, 1989).

In Exp. I the masker and precursor levels were always pre-

sented at the same spectrum levels, while in Exp. II the level

of the masker was fixed and the level of the precursor was

systematically varied.

As illustrated in the left column of Fig. 1, the signal and

masker had total durations of 400 ms and were gated on and

off together with 2-ms raised-cosine ramps. Note that this

signal/masker duration was longer than those typically used in

previous studies (e.g., 80 ms in Viemeister, 1980; 5 ms in

Carlyon, 1989; 62 ms in Wright et al., 1993). The long signal

and masker durations were used here to allow the transitions

to the masking pattern measurements (see Sec. II A 2). The

precursor had a duration of 500 ms and was also gated with

2-ms onset and offset ramps. The temporal gap between the

precursor and masker, T, was the duration from the end of the

offset ramp of the precursor to the beginning of the onset

ramp of the masker. Thus, when T¼ 0 ms, the drop of the

stimulus amplitude between the precursor and masker had an

equivalent duration of 2 ms, which was below the gap detec-

tion threshold at 2 kHz measured using band-pass noises with

bandwidths comparable to those of the stimuli used here

(Shailer and Moore, 1983). The amount of enhancement in

the current study was defined as the decrement in signal detec-

tion threshold for a short gap duration (<500 ms) compared to

a gap duration of 500 ms. This definition was used because

the focus of the current study was the short-term (<500 ms)

component of the enhancement phenomenon. In Exp. I, the

amount of enhancement was assessed at various precursor-

masker gap durations. In Exp. II, the dependence of the

enhancement effect on precursor level was investigated.

2. Masking pattern measurements

In addition to enhancement measurements, masking pat-

terns of the signal band were also obtained. In acquiring these

masking patterns, detection thresholds of a brief tonal probe

were measured in the presence of the stimuli from the corre-

sponding enhancement measurement which consisted of a sig-

nal, a masker, and a precursor. The tonal probe was 6 ms in

duration including 2-ms raised-cosine onset/offset ramps.

Note that the signal and precursor in the enhancement meas-

urements may be described as components of the “total

masker” when measuring the masking patterns. However, we

use the same terminology to be consistent across the two types

of measurements (see Fig. 1). The masker was presented at a

spectrum level of 30 dB SPL (sound pressure level), and the

signal level was set to be 5 dB below the masker level. This

signal level was approximately the average threshold of the

signal across all precursor manipulations in the enhancement

measurements determined in pilot measurements.

The center frequency of the signal fc, which was also the

probe frequency, was randomized following the same proce-

dure as in the enhancement measurements on a trial-by-trial

basis. To obtain masking patterns, the probe was presented

at different probe delays. A probe delay was the delay of the

temporal onset of the probe relative to that of the signal. A

positive probe delay means the signal onset led the probe

onset, whereas a negative probe delay means the probe was

gated on before the signal. The probe delays ranged from

�50 to 200 ms. As in the enhancement measurements, the

signal and masker durations were 400 ms. This long duration

was implemented to ensure that at the longest probe delay

(200 ms) the probe was placed at the steady-state region of

the signal’s masking pattern (e.g., Formby et al., 2000).

Example probe positions are schematized in the right panel

of Fig. 1, with a single bold line indicating one possible tem-

poral placement of the probe (at a probe delay of 0 ms) and

gray lines indicating examples of other possible positions.

The resulting probe thresholds formed a masking pattern

covering a time period from shortly before the signal onset

to the temporal center of the signal.

B. Procedure

Thresholds for both enhancement and masking pattern

measurements were estimated using a two-interval, two-

alternative forced-choice procedure combined with a 2-down,

1-up tracking algorithm, which estimated thresholds at the

70.7% correct point on the psychometric function (Levitt,

1971). The inter-stimulus interval between the two presenta-

tion intervals on each trial was 500 ms. For the enhancement

measurements, the adaptive tracking algorithm was based on

the spectrum level of the signal. At the beginning of each

track, the initial signal spectrum level was 40 dB SPL, and

the level was decreased after two consecutive correct

responses and increased after a single incorrect response. For

the masking pattern measurements, the initial probe level was

85 dB SPL. The step size for the level increment or decre-

ment was 8 dB for the first two reversals. It was reduced to

5 dB after the first two reversals, and ultimately reduced to

2 dB after the first four reversals. Each track terminated after

a total of ten reversals. The threshold was estimated as the

average of the signal levels over the last six reversals.

All stimuli were generated digitally at a sampling fre-

quency of 44100 Hz on a personal computer, which also

controlled the experimental procedure and data collection

through custom written software in Matlab (The MathWorks,

Inc., Natick, MA). Stimuli were presented monaurally to the

listeners through the PC’s 24-bit soundcard (Envy24 PCI

audio controller, VIA Technologies, Inc., Fremont, CA), a

programmable attenuator (PA, Tucker-Davis Technologies,

Inc., Alachua, FL), and a Sennheiser HD410 SL headphone

(Old Lyme, CT). The left ear of each listener was tested. Each

stimulus presentation was followed by visual feedback as to

the correct response. The experiment was conducted in a

double-walled, sound-attenuating booth.
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C. Subjects

Six listeners with normal hearing, including the first

author (S4), participated. Listeners S1–S4 participated in

Exp. I. Due to limited availability of S1 and S2, these two

listeners did not participate in Exp. II. For this latter experi-

ment, two more listeners S5 and S6 were recruited. All lis-

teners were between the ages of 18 and 30 and had

audiometric thresholds at or better than 15 dB HL (hearing

level) between 250 and 8000 Hz in both ears. Listeners were

paid for their participation except for the author. The experi-

ments were conducted in 2-h sessions. No listener partici-

pated in more than one session per day. Before data

collection began, listeners practiced for at least 4 h, which

included at least one repetition of all experimental conditions

in the two experiments presented here.

D. Model implementation

A phenomenological model, consisting of a peripheral

processing stage, a wideband inhibition mechanism, and a

decision device, was implemented to compare the psycho-

physical results with model predictions. The model closely

followed the one proposed by Nelson and Young (2010b),

which was inspired by the adaptation-of-inhibition hypothe-

sis of the enhancement phenomenon.

The peripheral stage of the model included 16 modeled

auditory nerve fibers. These fibers had characteristic fre-

quencies from one octave below to one-half of an octave

above 2 kHz with one tenth octave spacing. The auditory

nerve responses to acoustic inputs were simulated using the

model of Zilany et al. (2009). This model differed from its

predecessors (e.g., Zhang and Carney, 2005; Zilany and

Bruce, 2006) in that it included a power-law adaptation algo-

rithm. This algorithm realistically captured both short- and

long-term adaptation properties at the level of the auditory

nerve. The current implementation of the model set all fibers

to have medium spontaneous rates (5 spikes per second) and

healthy inner and outer hair cell functions. The synapse out-

put from the model (Zilany et al., 2009), expected firing rate

as a function of time, was used as the output.

Following the peripheral stage, the outputs from the 16

model auditory nerve fibers were fed into a wideband inhibi-

tion mechanism. This implementation closely followed the

one described by Nelson and Young (2010b). This processing

stage combined responses from a narrowly tuned excitatory

unit and a broadly tuned inhibitory unit. The excitatory unit

received input only from the fiber tuned to 2 kHz. The inhibi-

tory unit received inputs from all fibers using a triangular

weighting function peaked at 2 kHz (with a maximal value of

Sinh at 2 kHz and minimal values of 0 at 1 kHz and 2.8 kHz,

where Sinh will be referred to as the inhibition strength). The

responses from the excitatory and inhibitory units were

smoothed using a functions (e.g., Nelson and Carney, 2004)

with a time constant of 4 ms. The inhibitory response was

then passed through a thresholding device and subtracted

from the excitatory response, producing a final model output.

The thresholding device produced an output response of

zero when the input was below a threshold /, otherwise the

output was the input minus /. The implementation of the

thresholding device was added to the model of Nelson and

Young (2010b) in an effort to match the predictions and psy-

chophysical data with an assumption that the inhibitory unit

had a higher threshold for spike generation than the excita-

tory unit.

For all model simulations, the spectral center of the pre-

cursor, masker, and signal was fixed at 2 kHz. In order to

simulate behavioral thresholds, the model outputs were

passed to a decision device to calculate a decision variable.

Stimuli in both signal and no-signal intervals from 50 inde-

pendent trials were presented to the model. For each interval,

the response at the output of the model was segmented into

20-ms bins. For the ith bin, a parametric d0-like decision

variable Di was calculated as

Di ¼
lsig;i � lnsig;iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðr2
sig;i þ r2

nsig;iÞ=2þ r2
0

q ; (1)

where lsig,i and lnsig,i are the grand average responses within

the ith bin and across all stimulus repetitions; rsig,i and rnsig,i

are the standard deviations of the time-averaged response

within the ith bin across all repetitions. The subscripts “sig”

and “nsig” refer to the model outputs for the signal and no-

signal intervals, respectively. The value of the standard devi-

ation of the assumed neural internal noise, r0, limits the

magnitude of Di.

For the enhancement measurements, the decision varia-

bles in various bins were combined using a strategy that

assumed the listener relied on just one of the bins at the be-

ginning of the signal for detection. In particular, the expected

final decision variable D was the maximum of the Di values

in the three bins spanning from 0 to 60 ms relative to the

onset of the signal. For the masking pattern measurements,

the final decision variable D was the maximum of the Di val-

ues in the three consecutive bins following the onset of the

probe.

The values of D were calculated for a range of signal

levels (20–40 dB SPL for the enhancement measurements,

and 55–85 dB SPL for the masking pattern measurements)

for each experimental condition. The resulting values of D
as a function of signal level were fitted using a linear least-

squares fit. The signal level that led to a D value of K was

defined as the threshold, where K was the criterion for the

threshold determination.

The model had four free parameters: the inhibition

strength Sinh, the threshold for the inhibitory unit /, the in-

ternal noise r0, and the threshold criterion K. These parame-

ters were adjusted to achieve threshold predictions that were

visually close to the measured data. For all simulation data

reported below, Sinh was 0.18, / was 80, r0 was 20, and K
was 0.6.

III. EXPERIMENT I: EFFECT OF
PRECURSOR-MASKER GAP

A. Method

Both enhancement and masking patterns were measured

at several precursor-masker gaps (T¼ 0, 10, 50, 100, 200,

and 500 ms for the enhancement measurements and T¼ 0,
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200, and 500 ms for the masking pattern measurements). The

amount of enhancement was defined as the amount of thresh-

old decrement from the reference condition (T¼ 500 ms). In

both enhancement and masking pattern measurements, the

masker and precursor spectrum levels were fixed at 30 dB

SPL. To obtain the masking patterns, probe delays of �50,

�10, 0, 10, 50, 100, and 200 ms were tested at each of the

three T values (0, 200, and 500 ms).

Listeners S1–S4 participated in this experiment. Masking

pattern data were collected before the enhancement measure-

ments. A total of 84 thresholds were obtained for each listener

in the masking pattern measurements (3 gap durations� 4

repetitions� 7 probe delays), which were collected in the fol-

lowing order: Listeners S2 and S3 ran the 0-ms gap condition

first, followed by the 500-ms condition, while listeners S1

and S4 ran the 500-ms condition followed by the 0-ms condi-

tion. All listeners ran the 200-ms condition after the other two

gap conditions because this condition was added later in the

experiment. For each of the gap durations, the order in which

the seven probe delays were tested was random. Then, this

process was repeated three more times, generating four repli-

cates of the masking patterns. The reported data were based

on the average of the four replicates.

For the enhancement measurements, a total of 24 thresh-

olds were obtained for each listener (4 repetitions� 6 gap

durations). The six gap durations were initially tested in ran-

dom order, and then the process was repeated three more

times, each with an independent random testing sequence

through the gap durations.1 The mean thresholds across the

four repetitions were reported.

B. Enhancement

Figure 2 plots the results from the enhancement meas-

urements as unfilled symbols. Detection thresholds for the

narrowband noise signal are shown for the individual listen-

ers in the left panel of Fig. 2 as a function of the precursor-

masker gap duration. Because the 500-ms gap duration was

treated as the reference condition, the amount of enhance-

ment (right panel of Fig. 2) indicates the threshold decrement

relative to the 500-ms gap condition. Although individual

thresholds varied across a wide range (approximately 20 dB

from the poorest to the best performer), most listeners

showed an enhancement effect at shorter precursor-masker

gaps. At the shortest gap duration (T¼ 0 ms), the amounts of

enhancement ranged from 4.5 to 13.6 dB. A repeated-

measures analysis of variance (ANOVA) using precursor-

masker gap as the within-subject factor revealed a significant

main effect of gap duration on the detection threshold of the

signal [F(5,15)¼ 7.64, p< 0.001].

Using a shorter signal duration (80 ms), Viemeister

(1980) found an average of 11.2 dB threshold increment

from the “pulsed” (long precursor-masker gaps) to the

“continuous” (no precursor-masker gap) conditions for nar-

rowband noise signals centered at 1 kHz. The amounts of

enhancement measured in the present experiment were simi-

lar to those measured by Viemeister (1980), except that

larger individual differences in both thresholds and amounts

of enhancement were observed here. This might reflect, in

part, the presentation-by-presentation randomization of the

signal center frequency fc used in our experiment.

C. Masking pattern

Figure 3 shows the individual masking patterns (probe

thresholds as functions of probe delay) for three precursor-

masker gap durations (in separate panels). The signal level

during the masking pattern measurement was fixed at a spec-

trum level of 25 dB SPL, which was close to the average sig-

nal threshold from the enhancement measurement at the

500-ms gap duration (26.9 dB).

The left panel of Fig. 3 plots the masking patterns when

there was no temporal gap between the offset of the precur-

sor and the onset of the masker. The probe thresholds in the

masking pattern did not seem to systematically depend on

the probe delay. For two of the listeners (S1 and S2), the

threshold increased with probe delay, while this pattern of

threshold was not observed for listeners S3 and S4. For all

listeners, the probe threshold at the �10-ms delay was closer

to that at 0 ms than at �50 ms, despite the fact that the probe

and the signal did not physically overlap at negative probe

delays. The high thresholds at the �10-ms delay might indi-

cate that the listeners confused the probe and signal onset

and so were not efficient in attending to the probe (e.g., Hill

et al., 2004).

When a silent gap of 200- or 500-ms duration was pres-

ent between the precursor and masker (middle and right pan-

els in Fig. 3), the probe threshold tended to rise quickly at

the signal onset, forming a peak in the masking pattern. As

the probe delay increased further, the probe threshold fell to

a steady-state threshold. This result was consistent with pre-

vious experiments where temporal masking patterns were

measured for broadband maskers using tone pips (e.g.,

Zwicker, 1965) and is commonly referred to as the overshoot

effect of masking (or the overshoot). The current results sug-

gested that as the precursor-masker gap increased, an over-

shoot characteristic began to emerge in the masking pattern.

Because a fixed signal level (25 dB SPL) was used for

these measurements, it was possible that the presence of the

FIG. 2. The left panel plots the signal thresholds as a function of gap dura-

tion for the enhancement measurements of Exp. I. The right panel plots the

amount of enhancement. Results for different listeners are plotted using dif-

ferent symbols. The experimental data are plotted using light unfilled sym-

bols, while the data predicted by a model of auditory processing are shown

as the dark filled symbols.
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overshoot pattern reflected the fact that the signal was not

audible to the listeners at larger gap durations (see the left

panel of Fig. 2). However, audibility was unlikely to fully

explain the differences in masking patterns. For example, lis-

teners S2 (downward triangles) and S4 (diamonds) had the

largest difference in signal thresholds in the enhancement

measurements with all thresholds from S2 above 25 dB SPL

and all thresholds from S4 below 25 dB SPL. However, both

listeners exhibited the emergence of the overshoot character-

istic with increasing gap duration in the masking pattern

measurement. The probe thresholds from these two listeners

were typically within 5 dB of one another.

In order to investigate whether changes in the gap dura-

tion affected the masking patterns of the signal and masker,

a repeated-measures ANOVA was conducted on the probe

thresholds with precursor-masker gap duration and probe

delay as the within-subject factors. Because our major inter-

est was to study the responses to the signal rather than the

precursor, thresholds at negative probe delays were excluded

from the analysis. The main effect of gap duration was sig-

nificant [F(2,6)¼ 8.95, p¼ 0.016], as was the interaction

between gap duration and probe delay [F(8,24)¼ 4.119,

p¼ 0.003], suggesting that increasing the gap duration both

decreased the probe threshold and altered the shape of the

masking pattern. The main effect of probe delay [F(4,12)

¼ 2.15, p¼ 0.137] was not significant.

To further study the effect of gap duration on the shape

of the masking pattern, each masking pattern for each indi-

vidual listener (for non-negative probe delays) was fitted

with a quadratic polynomial.2 The quadratic coefficients

from these regressions were indicative of the masking-

pattern shape. A positive quadratic coefficient suggested that

the probe threshold decreased with probe delay as a convex

function, exhibiting an overshoot characteristic, while a

negative quadratic coefficient suggested that the probe

thresholds form a concave function, and the overshoot char-

acteristic was absent. The resulting coefficients are listed in

Table I. For all but one (S3) listener, the estimated quadratic

coefficient increased with increasing gap durations. Taking

all 12 estimates (3 gap durations� 4 listeners) into account,

a significant positive correlation was found between the

coefficient and the gap duration [r¼ 0.70, p< 0.05]. That is,

the overshoot characteristic of the masking pattern emerged

as the gap duration increased.

D. Model simulation

Thresholds predicted by the model in the enhancement

measurements are plotted using filled circles in the left panel

of Fig. 2. The predicted thresholds were within the range of

the psychophysical thresholds. More importantly, as the

precursor-masker gap increased from 0 to 500 ms, the pre-

dicted threshold increased by approximately 7 dB. That is,

the model produced an enhancement effect. The amount of

enhancement predicted by the model as a function of gap du-

ration is plotted in the right panel of Fig. 2. The predictions

are similar to the experimental results.

Figure 4 plots the masking patterns predicted by the

model using filled circles. For the 0-ms condition (left

panel), as the probe delay increased, the predicted thresholds

tended to increase gradually, agreeing with the measured

masking patterns from listeners S1 and S2. For the 200- and

500-ms conditions (middle and right panels), the predicted

thresholds were slightly higher than the measured thresholds.

The predicted thresholds fell as the probe delay increased

demonstrating strong overshoot characteristics. Therefore,

the model predictions captured the trend in the experimental

data in that an overshoot pattern occurred at precursor-

masker durations of 200 and 500 ms, but not at 0 ms.

Moreover, across the gap durations tested, differences in

FIG. 3. Masking patterns, probe thresholds as functions of probe delay, are plotted for the individual listeners in Exp. I. The three panels, from left to right,

correspond to the precursor-masker gap durations of 0, 200, and 500 ms, respectively. Note that probe thresholds at �50 and �10 ms probe delays were some-

times very low (they reflected the absolute threshold of the probe). To enable better clarity of the data, the range in each panel does not always include these

low thresholds.

TABLE I. Quadratic coefficients estimated by fitting a quadratic function to

the individual masking patterns obtained in Exp. I. A positive coefficient is

an indicator of a convex shape or an overshoot configuration for the masking

pattern; a negative coefficient is an indicator of a concave shape or absence

of overshoot. The last column on the right shows the average coefficients

across listeners with standard errors indicated in the parentheses.

Quadratic coefficient (dB SPL/s2)

T (ms) S1 S2 S3 S4 Mean

0 �194 �24 �63 �609 �223 (134)

200 198 436 529 �366 199 (201)

500 541 593 342 242 430 (83)
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thresholds were largest at the signal onset for both measured

and predicted results.

The general agreement between the shapes of the meas-

ured and predicted masking patterns supports the adaptation-

of-inhibition hypothesis for psychophysical enhancement. In

the model predictions, the observed overshoot at the 200-

and 500-ms gap durations reflected lateral inhibition at the

signal onset. At short probe delays, a high probe level would

be needed to overcome the inhibition, leading to higher

probe thresholds compared to those measured for later probe

delays. In contrast, for the 0-ms gap, the inhibition had been

adapted at the signal onset, and so the probe threshold

depended little on probe delay. Moreover, the model predic-

tions also agreed with the experimental results in that when

the amount of enhancement reduced the overshoot character-

istic in the masking pattern seemed to emerge.

IV. EXPERIMENT II: EFFECT OF PRECURSOR LEVEL

A. Method

Experiment II measured enhancement and masking pat-

terns as a function of the precursor level. The stimuli and

procedures in this experiment were identical to those of

Exp. I, except as follows. The spectrum levels of the precur-

sor were 0, 10, 20, 30, and 40 dB SPL. For the enhancement

measurements, the precursor-masker gap was either 0 or

500 ms. For the masking pattern measurements, the

precursor-masker gap T was 0 ms. Probe delays of �10, 0,

10, 50, 100, and 200 ms were tested.

Listeners S3–S6 participated in this experiment. For all

listeners, the masking patterns were measured first, which

included a total of 120 threshold estimates (4 repetitions� 5

precursor levels� 6 probe delays). These data were collected

as follows: the five precursor levels were tested in random

sequences, within each of which thresholds were estimated

at the six probe delays in random order. After a threshold

was obtained in every condition, the process was repeated

three more times. The mean thresholds across the four repe-

titions were reported.

The enhancement measurements included a total of 40

threshold estimates (4 repetitions� 5 precursor levels� 2

gap durations). Thresholds were estimated at the five precur-

sor levels in random order. Within each precursor-level con-

dition, the order in which the two gap durations were tested

was also random. This process was repeated to produce four

repetitions of threshold estimates in each condition. The

mean thresholds across the four repetitions were reported.

B. Enhancement

Figure 5 plots the results from the enhancement meas-

urements of Exp. II using light unfilled symbols. The top

panels show the signal thresholds from individual listeners

as a function of the precursor spectrum level in the 0-ms

(left) and 500-ms (right) gap conditions. The lower panel

shows the amount of enhancement, which is defined as the

threshold for the 500-ms gap condition minus the threshold

for the 0-ms gap condition. Little or no enhancement was

measured except at the 30-dB SPL precursor level, which

was also the masker level (arrow in the lower panel of

Fig. 5). At this precursor level, the amounts of enhancement

were comparable to those obtained from Exp. I and those

reported by Viemeister (1980). The observed enhancement

effect seemed to reflect the fact that the signal threshold

decreased in the no-gap condition as the precursor level

increased from �30 to 0 dB relative to the masker level, but

then increased with the relative precursor level as it

increased further to 10 dB (top left panel of Fig. 5). A

repeated-measures ANOVA was performed on the threshold

FIG. 5. The signal thresholds (upper panels) and the amount of enhancement

(lower panel) measured in Exp. II as a function of precursor spectrum level.

The results for individual subjects are plotted using light unfilled symbols,

while the model predictions are plotted as dark filled symbols. The arrow on

the abscissa indicates the spectrum level of the masker.

FIG. 4. Average masking patterns

across listeners in Exp. I are plotted

as unfilled circles. Error bars indica-

te 6 one standard error of the mean.

The data predicted by a model of au-

ditory processing are shown using

filled symbols. Results are arranged

in three panels in the same manner

as Fig. 3.
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data treating precursor level and precursor-masker gap as the

within-subject factors. The analysis revealed significant

main effects of precursor level [F(4,12)¼ 10.78, p< 0.001]

and gap duration [F(1,3)¼ 12.08, p< 0.05], and a significant

interaction between these two factors [F(4,12)¼ 14.84,

p< 0.001]. The significant effect of gap duration indicates

an enhancement effect, whereas the significant interaction

suggests a dependence of the amount of enhancement on the

precursor level.

The pattern of thresholds in the current experiment

agrees with those measured by Bacon and Smith (1991) and

Hicks and Bacon (1992). In one of their conditions, Hicks

and Bacon (1992) measured the detection threshold for a

pure-tone signal (at 1 or 4 kHz) in the presence of a masker

and a precursor, similar to those used in the no-gap condition

of the current experiment. They fixed the masker spectrum

level at 40 dB SPL and varied the level of the precursor

(from �40 to 10 dB relative to the masker level) and found

that for the 4-kHz signal frequency, the signal threshold

decreased with the precursor level up to a relative level of

0 dB, after which the threshold increased drastically. A com-

parable pattern was also observed for the 1-kHz signal, with

a much reduced effect of precursor level on the signal

threshold.

Carlyon (1989) also measured the effect of precursor

level on the enhancement effect. In contrast to the data pre-

sented here and those of Bacon and Smith (1991) and Hicks

and Bacon (1992), Carlyon found that the amount of

enhancement was about 10 dB and did not significantly

depend on precursor level when the precursor level was var-

ied from �30 to 0 dB relative to the masker level. There

were several differences in stimulus design between the cur-

rent study and that of Carlyon (1989). First, the current

study used longer precursor and masker durations (500 and

400 ms, respectively) compared to those used by Carlyon

(200 and 5 ms, respectively). Second, in the current study

the amount of enhancement was defined as the threshold dif-

ference between conditions for precursor-masker gaps of

0 and 500 ms, whereas the enhancement was assessed in

terms of the threshold difference between conditions with

and without the presence of the precursor in Carlyon’s

study. Moreover, in his study, when the precursor was pres-

ent, the precursor-masker gap was 10 ms. Third, the signal

in the study by Carlyon was a brief tone burst at 1 kHz,

while the current experiment used narrowband noise signals

centered at around 2 kHz. Last, the spectral center of the

stimuli (including the precursor, masker, and signal), which

was fixed in frequency in Carlyon’s study, was randomly

roved on a presentation-by-presentation basis in the current

experiment.

Any of these differences may have contributed to the

inconsistent results between the current and Carlyon’s stud-

ies. For example, Hicks and Bacon (1992) showed that the

dependence of enhancement on precursor level was less sa-

lient at lower signal frequencies (e.g., at 1 kHz). Therefore,

the difference in signal frequency across the two studies

might be the reason that the dependence of the enhancement

effect on precursor level was found in the current experiment

but not in the Carlyon’s study.

C. Masking pattern

Figure 6 shows the masking patterns for the five precur-

sor spectrum levels (in separate panels). At moderate-to-high

precursor levels (20–40 dB SPL), the subjects’ masking pat-

terns resemble those seen in the no-gap condition of Exp. I

(e.g., see the left panel of Fig. 3): the probe threshold was rel-

atively independent of probe delay. At the lowest precursor

level (0 dB SPL), the masking patterns were overshoot-like:

the threshold rose to form a peak after the signal onset, then

fell to a steady-state level. However, the size of the overshoot

in this condition, which is the threshold difference between

the 0- and 200-ms probe delays, was smaller than the over-

shoot observed in Exp. I. A repeated-measure ANOVA treat-

ing precursor level and probe delay as the two within-subject

factors did not reveal significant effects of precursor level

FIG. 6. Masking patterns are plotted

for individual listeners in Exp. II.

Data from different precursor level

conditions are in separate panels.
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[F(4,12)¼ 0.16, p¼ 0.953] or probe delay [F(4,12)¼ 1.46,

p¼ 0.274], and the interaction between the two factors

[F(16,48)¼ 1.64, p¼ 0.094] did not reach significance (for

p< 0.05). Given that an interaction between probe delay and

precursor-masker gap was observed in Exp. I, it seems likely

that had a sufficiently low-level precursor been tested, a sig-

nificant interaction would have emerged.

As in Exp. I, we explored the possibility that the shape

of the masking pattern depends on the precursor level by

curve-fitting a quadratic polynomial to each of the masking

patterns. The resulting coefficients are listed in Table II. A

negative correlation was found between the coefficient and

precursor level [r¼�0.62, p¼ 0.004], indicating that as the

precursor level increased the quadratic coefficient decreased

from positive to negative values and the overshoot character-

istic of the masking pattern disappeared.

D. Model simulation

The thresholds predicted by the model for the enhance-

ment measurements are shown as filled circles in the upper

panels of Fig. 5. The predicted amounts of enhancement are

shown in the lower panel. For both the 0- and 500-ms condi-

tions (upper left and right panels, respectively), the predicted

thresholds were approximately 30 dB SPL. In contrast to the

psychophysical data, there was no systematic change in

threshold with changes in precursor level except that in the

no gap condition the signal threshold was slightly higher at

0 dB SPL compared to the other precursor levels.

As a result, the predicted amount of enhancement (filled

circles in the lower panel of Fig. 5) increased slightly as the

precursor level increased from 0 to 20 dB SPL, then reached

an asymptote at about 7 dB. This prediction deviated from

the experimental observation that enhancement was the larg-

est at the 30-dB SPL precursor level and reduced at lower or

higher precursor levels. At the 30-dB precursor level, the

model under-predicted the amount of enhancement by about

4 dB, while at all other precursor levels, the model over-

predicted the amount of enhancement. The discrepancy

between the measured and predicted enhancement indicates

that the model failed to fully capture the enhancement

results.

Figure 7 plots the predicted masking patterns by the

model as filled circles. At the lowest precursor level, the pre-

dicted threshold fell slightly as the probe delay increased

from 0 to 10 ms, exhibiting a small overshoot characteristic.

The predicted overshoot characteristic diminished at precur-

sor levels higher than 0 dB SPL, where the simulated probe

threshold increased slightly with increasing probe delay.

This dependency of the masking-pattern shape on precursor

level was seen in the measured results from listeners S3, S4,

and S6 (see Fig. 6). Therefore, the model captured the mask-

ing pattern results but not the enhancement results.

V. GENERAL DISCUSSION

A. Predicting the effects of precursor-masker gap and
precursor level on enhancement

The experiments presented here investigated the plausi-

bility of the adaptation-of-inhibition hypothesis of auditory

enhancement. The hypothesis states that enhancement is a

result of reduction of inhibition caused by the presence of a

TABLE II. Quadratic coefficients estimated by fitting a quadratic function

to each of the individual masking patterns obtained in Exp. II. The last col-

umn on the right shows the average coefficients across listeners with stand-

ard errors in the parentheses.

Precursor level

(dB SPL)

Quadratic coefficient (dB SPL/s2)

S3 S4 S5 S6 Mean

0 113 370 �84 506 226 (132)

10 �30 �178 �103 548 59 (166)

20 99 �203 30 �199 �68 (78)

30 �54 �744 �193 �243 �308 (151)

40 �37 �486 �222 �180 �231 (94)

FIG. 7. Masking patterns averaged

across listeners in Exp. II are plotted

as unfilled circles. The filled circles

indicate the predicted masking

patterns for a model of auditory

processing.
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precursor. The hypothesis has been computationally imple-

mented into a phenomenological model of auditory process-

ing by Nelson and Young (2010b). Our implementation of

their model produces reasonably good predictions of the sig-

nal thresholds and the amounts of enhancement measured

psychophysically in Exp. I (Figs. 2 and 4).

To demonstrate how the model predicts threshold differ-

ences when the precursor-masker gap varies, Fig. 8 plots

examples of model outputs as a function of time for a

500-ms gap (left) and no gap (right). First consider the

model response when there is a long temporal gap. After the

precursor offset, the unit returns to its spontaneous rate

(marked with an arrow). Then, at the masker onset, there is a

brief period of reduced activity, followed by a buildup of

response. As pointed out by Nelson and Young (2010b), this

build-up characteristic at the output of the model reflects the

fact that the wideband inhibition mechanism is included in

the model. Because the inhibitory unit in the wideband inhi-

bition stage of the model is broadly tuned, broadband stim-

uli, such as the precursor or the masker, cause more rapid

adaptation of the inhibitory unit compared to the excitatory

unit. This difference in the rates of adaptation leads to a

build-up response pattern. This class of responses has been

observed in those IC neurons that also demonstrate strong

physiological enhancement (Nelson and Young, 2010a,b).

When the precursor and masker are temporally contigu-

ous (the upper right panel of Fig. 8), in contrast to the long-

gap condition, a strong response to the signal following the

precursor-masker boundary is observed. This strong

response reflects the fact that the inhibitory unit in the wide-

band inhibition stage is adapted, whereas the excitatory unit

is not (i.e., the adaptation-of-inhibition hypothesis of Vie-

meister and Bacon, 1982). Due to adaptation of inhibition,

the response to the signal is effectively amplified. Therefore,

as illustrated in the lower panels of Fig. 8, the detectability

of the signal would be enhanced in the 0-ms gap condition

compared to the 500-ms gap condition. Notably, this model

predicts enhanced response primarily at the signal onset.

For Exp. II, the model is less successful in capturing the

results of the enhancement measurements. One feature of the

results in the current experiment is that enhancement is

observed to only occur when the precursor and masker levels

are equal. This result is not evident in the model predictions.

This discrepancy between the model and experimental

results is, at least in part, related to the fact that the model

predicted little dependence of the enhancement phenomenon

on the precursor level, especially for precursor levels above

20 dB SPL. The amount of enhancement was predicted to be

about 7 dB at all precursor levels except for 0 dB SPL. The

lack of a precursor-level effect in the modeling results might

be explained in terms of the balance between the excitatory

and inhibitory responses near the signal onset. The left panel

of Fig. 9 plots the average onset responses at the outputs of

the excitatory and inhibitory units in the model to the stimuli

of Exp. II (results shown for the signal interval only with the

signal level fixed at 25 dB SPL). When a 500-ms precursor-

masker gap was present (“Gap” on the abscissa), the inhibi-

tion was stronger than the excitation at the signal onset. This

was similar to the results at low precursor levels (�20 and

�10 dB SPL). As the precursor level increased, both the

excitatory and inhibitory responses decreased, indicating a

suppressive effect of the precursor. However, the inhibitory

response exhibited a steeper drop with increasing precursor

level than the excitatory response for precursor levels below

20 dB SPL. As a results, the inhibitory response became

lower than the excitatory response and the difference

remained relatively stable for precursor levels above 20 dB

SPL (see the right panel of Fig. 9).

Because the final model output combines the excitatory

and inhibitory responses, results shown in Fig. 9 suggest that

the combined response is insensitive to changes in precursor

level for precursor levels above 20 dB SPL. This might have

led to the lack of dependence of the predicted enhancement

phenomenon on precursor level for Exp. II. A number of

modifications to the current model might lead to improved

FIG. 8. Examples of model responses to the stimuli (upper panels) and the

decision variable D (lower panels) in Exp. I for a signal level of 25 dB SPL.

Results are shown for precursor-masker gaps of 0 and 500 ms in the left and

right columns, respectively. In the upper panels, the dark curve plots the

model’s response to the masker alone, while the gray curve plots the mod-

el’s response to the signal plus masker. Zero on the abscissa marks the onset

of the masker and signal.

FIG. 9. Model responses near the signal onset. Left: the average responses

within a 10-ms window following the signal onset and across 20 stimulus

repetitions. The responses at the outputs of the excitatory (gray and solid)

and inhibitory (dark and dashed) units in the model are shown for various

precursor levels and for the case where a 500-ms precursor-masker gap is

present (marked as “Gap”). For the generation of these results, the stimuli

were identical to those used in Exp. II. The masker and signal spectrum level

were fixed at 30 and 25 dB SPL, and the precursor level was 30 dB SPL in

the “Gap” condition. Right: The difference between the excitatory and in-

hibitory responses shown in the left panel.
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predictions. For example, the outer hair cell gain might be

manipulated to account for the dependence of peripheral

suppression on precursor level, auditory nerve fibers with

low-spontaneous rates might be implemented in the model

instead of mid-spontaneous fibers, or the threshold for the in-

hibitory unit / might be adjusted. Without systematically

studying the effects of these parameter manipulations, it is

not clear whether the model will capture the non-monotonic

dependence of the enhancement phenomenon on precursor

level found in Exp. II. Therefore, the discrepancy between

the model and experimental results of Exp. II does not pro-

vide conclusive evidence against the adaptation-of-inhibition

hypothesis.

B. Temporal dynamics of the enhancement
phenomenon

If the adaptation-of-inhibition hypothesis is valid, it not

only predicts changes in the signal threshold, but also differ-

ent amounts of enhancement across the duration of the sig-

nal. Predictions regarding the temporal dynamics of the

enhancement effect are illustrated in Fig. 8. When the pre-

cursor immediately precedes the masker (lower right panel),

the detectability of the signal, D [Eq. (1)], is high at the sig-

nal onset and falls over time. On the other hand, when a

500-ms gap is present (lower left panel), the responses for

both the signal and no-signal trials of the enhancement mea-

surement (light and dark curves in the upper left panel,

respectively) fall below spontaneous activities (marked by

the arrow) at the onset of the masker. This reflects strong in-

hibition from the spectral region surrounding the signal.

Consequently, the detectability D is low near the signal onset

and recovers over time.

The masking patterns presented here used a brief tone pip

presented at the center frequency of the narrowband signal

and at various delays relative to the signal onset to probe the

temporal dynamics of the enhancement. Based on the model

predictions shown in Fig. 8, high probe thresholds are

expected near the signal onset when the precursor-masker gap

is long because high probe levels would be needed to bring

the response to the probe above spontaneous activity. In other

words, the model predicts an overshoot characteristic in the

masking pattern for long, but not short, precursor-masker

gaps. Therefore, a test of the model would be to investigate

whether or not the overshoot characteristic is observed in the

corresponding conditions, and whether the overshoot pattern

emerges as the amount of enhancement reduces.

The experiments presented here suggest that moving the

precursor temporally away from the masker or decreasing

the precursor level had a similar effect on the masking pat-

terns at the signal frequency: the emergence of overshoot

characteristics. When the overshoot pattern was robust, an

enhancement effect in the corresponding condition was not

observed in our data. On the other hand, in conditions where

an enhancement was readily observed, the probe threshold

was relatively independent of probe delay. Therefore, the

results from the current experiments generally agree with the

adaptation-of-inhibition hypothesis of enhancement (e.g.,

Viemeister and Bacon, 1982).

C. Relations to studies of the overshoot phenomenon

In the current experiments, the precursor’s effects on the

amount of overshoot observed in the masking pattern meas-

urements are in good agreement with previous studies of the

overshoot phenomenon, which have consistently shown that

a precursor’s presence can reduce the overshoot effect (e.g.,

McFadden, 1989; Overson et al., 1996; Bacon and Liu,

2000; Strickland, 2008). For example, Overson et al. (1996)

measured the detection threshold for a 10-ms, 4-kHz tone

probe presented with a simultaneous masker and a precursor.

Both the masker and precursor were broadband noises with

durations of 400 ms. The probe was placed either at the

masker onset or 195 ms after the masker onset. The over-

shoot effect, quantified as the difference in threshold at the

two probe delays, was investigated as a function of the

precursor-masker gap duration. They found that the amount

of overshoot decreased (�10 dB) as the precursor was

moved closer to the masker (from 400- to 1-ms gap dura-

tion). A similar trend was observed in Exp. I (see Fig. 3).

Using notched noise maskers and precursors similar to those

used in the present experiments, Strickland (2008) measured

the detection of tone probes at the masker onset as a function

of precursor level (with no temporal gap between the precur-

sor and masker). She found that the overshoot effect was

diminished as the precursor level increased. A similar result

was observed in Exp. II, where the probe threshold at the sig-

nal onset decreased with increasing precursor levels.

The current implementation of the model of Nelson and

Young (2010b) produced an overshoot effect suggesting a

potential common origin of the overshoot and enhancement

phenomena. It is worth pointing out that although it is possi-

ble that the enhancement and overshoot phenomena are

related, the experimental data from psychophysical studies

of the two phenomena do not always agree. For example,

frequency regions above the signal frequency are known to

be of more importance to overshoot compared to low-

frequency regions (e.g., McFadden, 1989). In contrast,

frequency regions lower than the signal frequency seem to

contribute to the enhancement effect more than frequency

regions above the signal frequency (e.g., Carlyon, 1989).

Broadly tuned inhibitory feedback mechanisms have been

proposed previously to explain the overshoot effect (e.g.,

McFadden, 1989). Many recent studies suggest that the oli-

vocochlear efferent system might be a plausible candidate

for such a mechanism (e.g., von Klitzing and Kohlrausch,

1994; Strickland, 2001, 2004; Walsh et al., 2010; Jennings

et al., 2011). Others point to the possibilities of a more cen-

tral location in the auditory pathway for the feedback mecha-

nism (e.g., Keefe et al., 2009). The adaptation-of-inhibition

hypothesis is functionally similar to these proposed explana-

tions for the overshoot effect. However, whether the same

neural circuitry underlies both the enhancement and over-

shoot phenomena requires further physiological and psycho-

physical investigations.

VI. SUMMARY

Using narrowband noise signals and notched noise

maskers and precursors, the current study measured the
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precursor’s effects on the amount of signal enhancement and

the temporal masking patterns for the signal and the masker.

An overshoot characteristic of the masking pattern emerged

as the precursor-masker gap duration increased. In condi-

tions where enhancement was measured, the overshoot char-

acteristic was weakened, or not present, in the masking

pattern. The adaptation-of-inhibition hypothesis of the

enhancement phenomenon derived from Viemeister and Ba-

con (1982), and computationally implemented using a model

proposed by Nelson and Young (2010b), accounted for

much of the data from the enhancement and masking pattern

experiments described here. However, the adaptation-of-in-

hibition hypothesis alone did not explain the non-monotonic

dependence of the enhancement effect on the precursor level

observed in Exp. II.
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