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Abstract

■ To make sense of our dynamic and complex auditory envi-
ronment, we must be able to parse the sensory input into usable
parts and pick out relevant sounds from all the potentially
distracting auditory information. Although it is unclear exactly
how we accomplish this difficult task, Gamble and Woldorff
[Gamble, M. L., & Woldorff, M. G. The temporal cascade of
neural processes underlying target detection and attentional
processing during auditory search. Cerebral Cortex (New York,
N.Y.: 1991), 2014] recently reported an ERP study of an auditory
target-search task in a temporally and spatially distributed,
rapidly presented, auditory scene. They reported an early, differ-
ential, bilateral activation (beginning ∼60 msec) between feature-
deviating target stimuli and physically equivalent feature-deviating
nontargets, reflecting a rapid target detection process. This was
followed shortly later (∼130 msec) by the lateralized N2ac ERP
activation, reflecting the focusing of auditory spatial attention

toward the target sound and paralleling attentional-shifting
processes widely studied in vision. Here we directly examined
the early, bilateral, target-selective effect to better understand
its nature and functional role. Participants listened to midline-
presented sounds that included target and nontarget stimuli
that were randomly either embedded in a brief rapid stream or
presented alone. The results indicate that this early bilateral
effect results from a template for the target that utilizes its fea-
ture deviancy within a stream to enable rapid identification.
Moreover, individual differences analysis showed that the size
of this effect was larger for participants with faster RTs. The find-
ings support the hypothesis that our auditory attentional systems
can implement and utilize a context-based relational template
for a target sound, making use of additional auditory information
in the environment when needing to rapidly detect a relevant
sound. ■

INTRODUCTION

The world in which we live is dynamic and complex. To
make sense of our environment we must select specific
and relevant information from among the background
noise and less relevant information. This selection pro-
cess is true for both the visual and auditory facets of
our environment. Although the search for a particular
piece of information in the environment has an extensive
literature in visual search, research on the analogous pro-
cess of auditory search is rather sparse. There is extensive
research investigating the maintenance of selective audi-
tory attention on a particular stream (Cherry, 1953), well
known as the cocktail party problem. This selective atten-
tion to a particular auditory stream, and even the ability to
segregate the stream into its component parts (Bregman,
1990), is a separable problem from the mechanisms by
which a particular target can be picked out from among
multiple auditory stimulus inputs. Without prior knowl-
edge of the location or the timing of a particular auditory
target, participants must search the environment for the
relevant piece of information to guide their behavior.
Here, we use the term auditory search to describe the
behavior where an individual is sifting through all of the

current auditory inputs from the environment to find a
particular relevant auditory event or object.

Behavioral studies have established that our ability to
find a relevant piece of information in an acoustically
complex environment depends on a number of factors.
Cusack and Carlyon (2003), in a series of experiments
using an auditory paradigm with temporally distributed
stimuli, found that our ability to perceive and isolate an
auditory target in a complex auditory field depends on
the features of those particular stimuli in an asymmetric
way. In particular, these researchers found that searching
for the presence of a feature (e.g., a frequency-modulated
tone among pure tones or a longer-duration sound
among shorter-duration ones) is easier than searching
for an absence of a feature (a pure tone among frequency-
modulated tones or a shorter-duration sound among lon-
ger sounds). It has also been shown that personally salient,
but task-irrelevant, auditory information can sometimes
capture attention (Wood & Cowan, 1995; Moray, 1959).
In addition, it has been reported that when a nontarget
auditory stimulus was a feature singleton it interfered with
the detection of relevant targets and slowed RTs, whereas
when a target auditory stimulus was a feature singleton it
facilitated target detection (Dalton & Lavie, 2004). Creating
circumstances where the target was no longer a singleton,
however, reduced these interference effects (Dalton &Duke University
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Lavie, 2007). Finally, spatial distribution of the sound sources
can influence the detection (Eramudugolla, McAnally,
Martin, Irvine, & Mattingley, 2008) and perception (Gregg
& Samuel, 2012; Shinn-Cunningham, Lee, & Oxenham,
2007) of auditory objects.

In addition to helping to understand the particular
bottom–up physical factors that can influence target
detection, high temporal resolution brain recording tech-
niques, such as ERPs, can help delineate the cascade of
top–down cognitive events that must occur for target
identification and processing to occur. In a recent ERP
study by Gamble and Luck (2011), participants per-
formed an auditory search of two simultaneously pre-
sented auditory stimuli presented to the left and right
ears and identified whether a predefined target was pres-
ent or absent. To do this, participants had to find the
designated target and orient their auditory attention
toward it. An electrophysiological correlate of this orient-
ing of attention was found in the form of a contralateral
ERP negativity to the target over anterior electrode sites,
approximately 200–300 msec after the presentation of
the stimulus pair. This lateralized neural activity, termed
the N2ac, is analogous to the visual ERP component, the
N2pc (Luck & Hillyard, 1994), which has been widely
used to study the orienting of visual spatial attention to
a target during visual search. The N2ac was interpreted
by Gamble and Luck (2011) as reflecting the focusing
of spatial attention toward the detected auditory target
and was thus proposed to provide a cognitive process
marker that could be used to further study neural mech-
anisms involved in auditory search.

We recently leveraged the high temporal resolution of
ERPs to expand upon the Gamble and Luck (2011) study
to look more deeply at the processes underlying auditory
search in a more complex auditory environment (Gamble
& Woldorff, 2014). More specifically, we increased the
number of spatially distributed stimuli from 2 to 10 and
temporally distributed them over the course of 500 msec.
This approach not only better simulated the varying spa-
tial and temporal characteristics of sounds that tend to
occur in auditory environments but the temporal distri-
bution of the sounds also enabled us to selectively extract
the neural responses to the relevant target sounds and to
the physically equivalent, task-irrelevant, nontarget
sounds and to compare them. This, in turn, enabled us
to delineate key parts of the temporal cascade of neural
events underlying auditory search, including those under-
lying both the target detection and spatial-attention orient-
ing processes.

More specifically, in this more recent Gamble and
Woldorff (2014) study, we again found a contralateral
negativity to the relevant target over anterior electrode
sites (i.e., the N2ac), beginning at ∼150 msec poststimulus
presentation, reflecting the orienting and focusing of
auditory spatial attention to the target stimulus but now
in a more expanded and ecologically valid paradigm. In
addition, however, preceding the contralateral attentional-

orienting N2ac effect, we found a very early differential
bilateral activity (starting at ∼60 msec) between the re-
sponses to the target and to the physically identical non-
target stimuli, which we termed the early bilateral
negativity (EBN) effect. The very early latency of this dif-
ferentiation suggested the existence of a neural mecha-
nism by which a template or representation of the
auditory target stimulus is set up in the brain prior to
stimulus occurrence. When an auditory target stimulus
occurs, it can then be rapidly matched to the template,
thereby enabling rapid identification.
In the current experiment, we focus specifically on

examining the nature of this target-related template, as
reflected by its ERP neural marker, the EBN effect. We
had two main questions we wanted to address about
the nature of our hypothesized target template and its
ERP marker. First, in the experiment in Gamble and
Woldorff (2014) where the EBN effect was first observed,
a paradigm was used in which the auditory target was
embedded in an array of sounds that were spread across
time and space. Thus, one important first question was:
Do the auditory stimuli need to be spatially distinct to
show this target–nontarget early differential activation?
The fact that this differential activation occurred in
Gamble and Woldorff (2014) when the participant had
no prior knowledge of the location of the auditory target
or nontarget would suggest that it should not matter
whether the auditory stimuli were arising from spatially
distinct locations or were all arising from the same spot.
To test this hypothesis, the current experiment simplified
the paradigm by eliminating the spatial separation of the
stimuli, instead using stimuli presented only in a single,
central stream. Although Eramudugolla et al. (2008) have
shown that spatial separation of auditory stimuli can make
target identification easier, based on our reasoning above
we still expected to see a similar early target–nontarget
differentiation here that was similar to that observed in
Gamble and Woldorff (2014).
A second critical characteristic we aimed to elucidate

here concerned the nature of the template itself. In
Gamble and Woldorff (2014), the auditory target stimuli
were embedded in a rapidly presented stream of 10
sounds, eight of which were standards of the same pitch,
with one feature-deviating target sound and one sensori-
ally equivalent nontarget sound. Thus, the target and
nontarget both occurred within a backdrop of a series
of rapidly repeated standards. Thus, it may not be simply
the “target-ness” of the designated auditory target sound
that enables its rapid detection and very early neural dif-
ferentiation, but possibly the deviancy aspect of the tar-
get is also important to this process. We thus wanted to
also test this important question about the nature of the
detection-related template.
To address these key questions concerning the process

of rapid auditory target detection, in this study the stimu-
lus paradigm included two different trial types presented
at the midline, presented in random order: in-stream
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trials, where 10 tones composed of eight standards, one
target, and one nontarget were rapidly presented (as in
Gamble & Luck, 2014), and alone trials, where the same
target and nontarget tones were presented in isolation.
The inclusion of these two trial types allowed us to test
these key questions described above.
The predictions were as follows. First, if the feature

deviancy of the auditory target stimulus is critical for its
very rapid identification and selective processing, we
should see this differential target and nontarget activa-
tion for the in-stream trials but not for the alone trials.
In the in-stream trials, the target and nontargets were
presented embedded in a stream of the repeated stan-
dards and would therefore be perceived as feature devi-
ants. This inherent deviancy of the tone may thus provide
a stepping stone from which early target identification
may occur more easily. In contrast, in the alone trials,
the auditory stimuli were presented in isolation with no
context-creating stimuli from which to deviate. Thus, if
the deviancy nature of the target sound is critical for its
rapid identification, we should not see any target-specific
enhancement of the EBN in the alone trials. Alternatively,
if it is just “target-ness” alone that is necessary for early
target identification, then we should see evidence of
early target identification for both the in-stream and alone
trials. More specifically, the targets in the in-stream trials
and the targets in the alone trials were physically identical
and would thus both, in their nature as targets, meet the
criteria for eliciting early target identification if “target-
ness” were sufficient to do so.
Considering that the early target-versus-nontarget ef-

fect on the EBN appears to be invoked to facilitate the
rapid identification of the designated target in a rapidly
streaming auditory scene, we hypothesized that individ-
ual differences in the size of this effect across participants
might be related to the target detection task perfor-
mance. In particular, we hypothesized that those with
larger target-specific EBN effects for the in-stream trials,
presumably reflecting better instantiation of the target
template mechanism, would be faster and/or better at
discriminating the targets.
Aside from the EBN, reflecting early target detection,

we also expected to see the commonly recorded long-
latency P300 ERP component. The P300 (or P3b), a large,
typically centroparietal positive wave typically peaking at
around 400–500 msec, is commonly found for detected
targets in oddball paradigms and is generally thought to
reflect late target-related processing (see Polich, 2007, for
a review). In three stimulus “odd-ball” paradigms, a rele-
vant target typically produces a parietally distributed P3b,
whereas nontarget deviants can yield a more anteriorally
distributed P3a. This P3a is larger for novel stimuli (Grillon,
Courchesne, Ameli, Elmasian, & Braff, 1990), is sensitive to
probability (Katayama & Polich, 1996), and is dependent
on target stimulus ease of discrimination as well as per-
ceptual load (Sawaki & Katayama, 2006, 2008). Given that,
in our paradigm, the targets were inherently deviants, this

deviation/oddball should produce a robust P300 for the
targets. Additionally, the large pitch difference between
the target and standard, and the high dissimilarity of
the target and nontarget, the rapid presentation rate,
which may increase perceptual load, and the nontarget
is a known and consistent distractor (i.e., not novel), and
we therefore expected that there would be a significantly
reduced P300 for the nontargets.

METHODS

Participants

Twenty-three individuals (nine women) between 18 and
34 years old (mean = 21 years) participated for either
course credit or payment compensation. All individuals
gave informed consent through protocols approved by
the Duke Institutional Review Board, and all reported
normal hearing, normal or corrected-to-normal vision,
and no history of neurological disorders. Of the initial
participants, three individuals were excluded for either
poor behavioral task performance or excessive artifacts
in the EEG (e.g., muscle movements, blinks). Thus,
the functional analyses were performed on the remaining
20 participants.

Stimuli and Procedure

Three different tone stimuli, each 40 msec in duration
with 3 msec rise and fall times, were used in the para-
digm: a low tone of 500 Hz, a middle tone of 1396 Hz,
and a high tone of 3000 Hz. These three tones were
selected to be highly discriminable and distinct from
each other. The middle tone was always presented as a
pure sine wave, whereas the high and low tones could
be either a pure sine wave or amplitude modulated.
The amplitude modulation was accomplished by multi-
plying the original waveform by a 37.5-Hz envelope
waveform. Each sound was presented bilaterally, via
headphones, to the two ears.

To test the hypothesis that the target also needed to
be a deviant to elicit early target-selective activity, two
different trial types were included: in-stream trials and
alone trials (see Figure 1). To create the in-stream trials,
as in the previous study (Gamble&Woldorff, 2014), 10 tones
were rapidly presented, separated by ISIs of 10 msec. Eight
of these 10 sounds were middle tones (i.e., “standards”),
one was a high tone, and one was a low tone. The first
two tones in the trial were always standards, with the
remaining tones (i.e., eight standards, the high tone, and
the low tone) presented in a random order. In contrast,
the new alone trials consisted of just a single low or high
tone, presented by itself. Each experimental block was
composed of 240 trials, half alone and half in-stream trials
that were randomly intermixed. The intertrial stimulus
onset asynchronies were jittered randomly between 1850
and 2250 msec.
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There were two main attentional task conditions—
namely search for high tone and search for low tone,
along with and one passive-listening condition, for a total
of three task conditions, which were presented over the
course of six different experimental blocks, counter-
balanced within and across participants. Each condition
manipulated how the participant was interacting with
the same stimuli. For both of the attend conditions, the
participant actively listened to the auditory stimuli, with
the task to search for the designated target tone among
the presented stimuli, discriminate its tonal quality, and
then respond by making a button press to indicate
whether the target was either pure or amplitude modu-
lated. For the attend-high condition, the target was the
high tone and the nontarget the low tone. For the attend-
low condition, the target was the low tone and the non-
target the high tone. For the passive-listening condition,
all the same auditory stimuli were presented, but partici-
pants were instructed to ignore them and to instead read
a book of their own choosing. We will not be discussing
the results of the passive-listening condition here.

Recording and Analysis

The EEG was recorded using a customized, extended-
coverage 64-electrode elastic cap (Duke64 layout, Electro-
cap International, Eaton, OH) with a Synamps Neuroscan
system (Charlotte, NC). EEG was sampled at 500 Hz, with
an online bandpass filter of 0.01–100 Hz and a gain of
1000. EEG was recorded online referenced to the right
mastoid and was later re-referenced offline to the algebraic
average of the left and right mastoids. Vertical eye move-
ments (VEOG) were monitored by placing electrodes
beneath the left and right eyes, referenced to electrodes

placed above the left and right eyes, respectively. Horizon-
tal eye movements (HEOG) were monitored by placing
electrodes on the outer left and right canthi, referenced
to each other. Independent component analysis was
used to identify and remove blink-generated activity from
the data (Jung et al., 2000). Trials with excessive muscle
activity were also rejected from inclusion in the averages.
Finally, the selectively averaged ERPwaveforms (see below)
were filtered offline with a 9-point running average filter to
attenuate any 60-Hz line noise contamination.
The isolation of key electrophysiological markers

reflecting target identification and discrimination re-
quired several steps of analysis of the EEG data. The
attend-high-target and attend-low-target conditions were
collapsed into an attend condition, thus creating target
and nontarget ERP waveforms from the same physical
stimuli. Collapsing the data this way yielded five different
condition/trial types: target_alone, nontarget_alone, target_
in_stream, nontarget_in_stream, standards_in_stream.
Although the alone trial types needed no further manip-

ulation, the in-stream trials did. In particular, because of the
rapidity with which the stimuli were presented in these
streams, the resultant time-locked averaged ERPs to the
stimuli within these streams overlapped substantially,
thereby introducing substantial contamination from the
neural responses onto the neighboring auditory stimuli’s
neural responses. To address this contamination of the
overlapping stimulus responses, we took a two-step ap-
proach that not only removed overlap but also isolated
the deviance-related activity of the target and nontarget
stimulus responses. First, we employed a modified version
of the ADJAR filter technique (Woldorff, 1993) to estimate
the contribution of the overlap and to then remove it from
the ERP waveforms. More specifically, the time-locked

Figure 1. Experimental
paradigm. Each subject
participated in two different
attentional search conditions:
search for high tone and search
for low tone. In each condition,
two trial types were presented
in randomized order: in-stream
trials and alone trials. For each
trial type, participants were told
to search for the designated
target (either the high or low
tone) and ignore the nontarget
(either the high or low tone).
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averages to the targets contained overlap contribution
from the standards and the nontargets, whereas the time-
locked averages to the standards contained overlap from
both the targets and the nontargets. By convolving an ini-
tial best estimate of the target activity (i.e., the large target-
minus-standard difference wave) with the adjacent-event
distribution of the target relative to the standards, we were
able to create an estimate of the target activity overlap on
the standard tone ERP average. We then corrected the
standard tone ERPs by subtracting the target overlap esti-
mate from them, leaving “target-corrected standards” that
then only contained overlap from the nontarget responses.
Because the original target ERPs also would have had
nontarget overlap, we then subtracted target-corrected-
standards waveforms from the original target waveforms,
thereby both subtracting out this nontarget overlap and
selectively extracting the deviance-related activity for the
targets. This overlap-correcting sequence was also per-
formed to obtain the overlap-correct deviance-related
nontarget activity (by performing the nontarget minus
nontarget-corrected-standards subtraction). These cor-
rected difference waves were then used for analysis for
the in-stream trials below.
For our main analyses of the EBN effect, the mean

amplitude between 60 and 120 msec for electrodes in a
frontocentral ROI for the responses to the targets and
nontargets was subjected to paired t tests, one for the
in-stream trials and one for the alone trials. This specific
latency range and the electrode ROI were selected based
on the time range from the Gamble and Woldorff (2014)
study when the EBN was significantly different for the
targets and nontargets and the electrode locations for
which these effects were largest. We also applied the
analyses to a 40-msec window (80–120 msec) around
the peak of the EBN (100 msec), determined from the
waveform derived from collapsing across the targets
and nontargets across trial types. It should be noted,
however, that separate analyses were used for the in-
stream and alone trial types because of the substantial
differences in the overall activity levels and extraction
process for the two types. Below we have laid out the
results from each analysis to address our specific hy-
pothesis for the EBN. An additional set of statistical anal-
yses were run on the mean amplitude between 300 and
600 msec over a parietal-electrode ROI, separately for the
in-stream and alone trials, to measure effects on the
P300.

RESULTS

Behavioral

Despite being a challenging task, participants were able
to accurately discriminate the target stimulus as being
pure versus AM on 89.8% of the trials, with an average
RT of 595 msec for correct trials. A 2 × 2 ANOVA be-
tween the target pitch (high vs. low tones) and trial type

(in-stream vs. alone trials) on response accuracy yielded a
significant main effect for trial type, F(1, 19) = 5.75, p =
.03, where participants were somewhat more accurate in
the alone trials (mean = 94.3%) than on the in-stream
trials (mean = 89.7%). There was no significant main
effect for target pitch, nor any significant interactions
with the pitch factor.

A 2 × 2 ANOVA with the factors target pitch (high and
low tones) and trial type (in-stream vs. alone) was also
performed on the RTs. RTs were calculated relative to
the onset of the target stimulus for both in-stream and
alone trials. There was a marginally significant main effect
of trial type, F(1, 19) = 4.32, p = .051, where participants
were faster for the in-stream trials (mean = 598 msec)
than the alone trials (mean = 622 msec). All other main
effects and interactions on the RTs were not significant.
Because there were no significant differences between
the designated targets when they were high versus low
tones, all the following analyses were collapsed across
this factor.

The EBN Effect: The Role of Target Deviancy

To address the question of whether the early target–
nontarget differential activation is a result of just the
“target-ness” of the target tone or depends on it also
being a deviant stimulus within a stream, we examined
whether the in-stream and alone trials both yielded this
early target–nontarget ERP difference. As shown in
Figure 2, the target and nontarget responses within
the in-stream trials rapidly differentiated, with the target
minus standard waveform becoming more negative
starting around 60 msec until approximately 120 msec
and the nontarget minus standard waveform being sub-
stantially less negative in the same time range, replicat-
ing the EBN effect observed in Gamble and Woldorff
(2014). The differences in this early negativity were
analyzed statistically by performing a t test on the mean
amplitude between 60 and 120 msec on the fronto-
central ROI consisting of four electrodes near Cz, for
the target minus standard and nontarget minus standard
difference waves. This analysis, which addresses the tar-
get deviancy hypothesis, showed that the target minus
standard difference wave was significantly larger than
the nontarget minus standard difference wave, t(19) =
3.43, p = .003 (see Figure 2). An additional analysis at
the peak of the EBN, from 80 to 120 msec, was also highly
significant, t(19) = −3.257, p = .004.

In contrast, in the alone trials,1 both the target and
nontarget waveforms showed similarly large early nega-
tivities peaking at around 100 msec. A t test on the mean
amplitudes between 60 and 120 msec at a frontocentral
ROI for the targets and nontargets in the alone trials
yielded no significant difference, t(19) = 1.28, p = ns.
The analysis at the peak of the EBN (80–120 msec) was
also not significant, t(19) = 0.849, p = ns.
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Individual Differences in the EBN Effect

Additional analyses examined the role of individual dif-
ferences in the EBN effect on task performance. In par-
ticular, we divided into separate bins those participants
who were the fastest versus the slowest (median split)
at performing the target identification on the in-stream
trials (see Figure 3B), splitting the participant pool into
two groups of 10. The fast responders had an average
RT of 524 msec for the in-stream trials, whereas the slow
responders had an average RT of 665 msec. Although
average RTs differed between the two groups by 141 msec,
the accuracy did not statistically differ (fast responders,
mean = 91.9%; slow responders, mean = 85.8%), t(18) =
1.78, p = ns.

As Figure 3B shows, however, the fast responders
showed a large difference between the responses for
the target and the nontarget EBNs, whereas the slow
responders showed a much smaller difference between
the target and nontarget waveforms, consistent with
our hypothesis concerning this relationship. To ascertain
whether these two groups differed statistically, we ran a
one-tailed, independent-sample t test on the target minus
nontarget differencewavebetween60 and120msec, t(18)=
−1.548, p = .069. Although this time range was marginally
significant, the same analysis at the peak of the EBN (80–
120 msec) was significant, showing that the EBN effect for
the fast responders (mean =−1.24) was larger than that of
the slow responders (mean = −0.35; t(18) = −1.97, p =
.032), indicating that participants with greater differences
in this early neural responses to the designated target
and nontarget stimuli performed better on the task.

Longer Latency Effects: P300 Responses

P300s on in-stream trials. Following the EBN in the in-
stream trials, there was a rather large positive peak in the
P2 range for both the target minus standard and non-
target minus standard difference waveforms, which was
then followed by a large positive P300 response for the

target minus standard waveform but essentially no such
response for the nontarget minus standard waveform. To
analyze the effects in the long-latency P300 range, we ran
a t test on the mean amplitudes between 300 and 600 on
a posterior-electrode ROI for the in-stream target minus
standard and nontarget minus standard difference waves
(Figure 4A). These analyses revealed a highly significant
effect, t(19) = 8.16, p < .001, showing that the target
P300 wave was substantially larger (more positive) than
that of the nontarget. Additional specific comparisons
indicated that a P300 was present for both the targets,
t(19) = 10.40, p < .001, and the nontargets, t(19) =
2.32, p < .05, but was just substantially smaller for the
nontargets.

P300 on alone trials. Figure 4B shows the P300 effect
for target and nontarget stimuli on the alone trials, which
shows a large positive waveform starting around 300 msec
for the target stimuli, whereas the nontarget ERP again
remained close to baseline. A t test on the mean ampli-
tudes of the target and nontarget responses in the alone
trials, between 300 and 600 msec at a posterior electrode

Figure 3. Fast and slow responders for in-stream trials. Separation of
participants into fast responders and slow responders based on their
RTs on the in-stream trails (median split) showed a different ERP
response profile: fast responders showed a much larger difference in
neural response to the targets relative to the nontargets than the
slow responders.

Figure 2. In-stream and alone
trials attend conditions:
frontocentral ROI. (A) In-stream
trials showed a larger and more
negative EBN waveform for
target stimuli compared to
nontarget stimuli. The voltage
maps show a clear central
distribution for the target
compared to the nontarget in
the latency represented by the
vertical gray bar. (B) Alone
trials showed no discernable
difference in the ERP waveforms
or the voltage maps for the
target or the nontarget stimuli.
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ROI, showed a significant difference between the target
waveforms and the nontarget waveforms, t(19) = 6.806,
p < .001. A one-sample t test for the target, t(19) =
6.10, p < .001, and the nontarget, t(19) = 1.47, p = ns,
indicated that there was a P300 present for only the
task-relevant targets for the alone trials.

DISCUSSION

In this study, we aimed to investigate more deeply the
mechanisms associated with auditory target identification
and discrimination in a temporally dynamic auditory envi-
ronment. In our previous study (Gamble & Woldorff,
2014), the search for a particular target in a temporally
and spatially complex auditory environment yielded the
contralateral N2ac effect (Gamble & Luck, 2011), reflect-
ing the focusing of spatial auditory attention toward a
detected target sound. In that study, prior to the N2ac,
which onset at 130 msec, we had also observed an EBN,
onsetting at ∼60 msec and focused over central elec-
trodes, that was substantially larger for the targets com-
pared to the nontargets. This very early differential
activity, as marked by the EBN effect, occurred so rapidly
after the stimulus onset that we surmised the presence of
a target template in the brain to which each incoming
auditory stimulus was compared, thereby enabling a very
rapid target detection mechanism. This template can
apparently be invoked in a complex auditory environ-
ment, allowing for this rapid target detection, which is
then followed by a rapid focusing of auditory spatial
attention toward that target.
Although our previous study enabled the delineation

of the cascade of events involved in auditory target pro-
cessing during auditory search, it was unclear from this
first experiment what the nature of the target template
was that enabled such rapid target identification and dif-
ferentiation from the nontargets. To further investigate

these questions, in the current experiment participants
listened to randomized sequences in a midline-presented
series of auditory stimulus trials that included 10 stimulus
in-stream trials, with one target, one nontarget, and eight
standard stimuli, and single-stimulus alone trials consist-
ing of just one target or nontarget in isolation. Participants
were required to search for, identify, and discriminate the
target tonal quality. These particular paradigm parameters
were used to address two questions: (1) Would the EBN
effect be present when there was only one spatial input
channel? (2) Is “target-ness” sufficient to elicit this target/
nontarget EBN effect or is it necessary that the target also
be a feature deviant. In turn, more overarchingly, what do
the answers to these questions indicate about the nature of
the target-related template that this early effect implicates
as being employed during auditory search in complex
auditory environments?

The EBN Effect When There Is Only One
Spatial Stimulus Stream

The Gamble and Woldorff (2014) experiments showed
the target/nontarget EBN effect when there was a spatial
separation of the auditory stimuli. This means not only
were the target and nontarget stimuli always in different
auditory spatial channels but also the participant had no
prior knowledge of where these stimuli were going to
be presented. In the current experiment, with all stimuli
presented in the midline, we eliminated the uncertainty
of location, but we still kept in place the variability and
uncertainty of the timing of the target stimulus. Given
that rapid target identification would also be valuable in
this paradigm as well, we expected we would still see the
target/nontarget differential EBN effect, which is exactly
what we observed. The uncertainty and variability in
location of the stimuli do not appear to be necessary for
the occurrence of this early effect; rather, the target/

Figure 4. In-stream and alone
trials: attend conditions,
posterior ROI. (A) In-stream
trials showed a larger positive
polarity P300 wave for the target
stimuli only. Voltage maps for
the target, nontarget, and
target-minus-nontarget
difference waves show a large
positivity centered around
parietal electrodes in the
latency represented by the
vertical gray bar. (B) Waveforms
for the alone trials showed a
similar pattern, with a large
positive peak for the target but
not the nontarget. Voltage maps
showed a clear distribution of
the positive polarity waveforms
over parietal scalp characteristic
of P300 responses.
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nontarget differential EBN effect, reflecting the early
target-specific identification, was still present and robust
when location, but not timing, of the target stimulus
was known.

The Target Template: The Role of Target
Feature Deviancy

One of the major goals of this study was to determine
whether this EBN effect was a result of a simple template
that was being set for the target that facilitated its rapid
detection or whether it required the combination of
the relevant auditory stimulus being both a designated
target and a deviant in relation to an auditory context
background, in particular by occurring within a series of
repeating standard sounds. To test this, we examined
whether the early differential EBN effect would be ob-
served for targets occurring both as deviants within a
rapid stream (in-stream trials) and when occurring by
themselves (as alone trials), with these trial types pre-
sented in random order. The EBN effect also occurring
in the alone trials would suggest that the only require-
ment to see this effect is for the auditory stimulus to
be a designated target and would therefore support a
simple target-specific template mechanism.

The results, however, indicated that there was no any
discernable EBN difference between the targets and the
nontargets in the alone trials, but there was again a robust
difference for the in-stream trials. The lack of an effect in
the alone trials, but a clear target–nontarget differential
activation in the in-stream trials, indicates that a necessary
requirement for this early differential EBN activation is
that the relevant auditory stimulus has to be not only a
target but also a feature deviant within an ongoing audi-
tory context. Thus, the underlying mechanism that results
in this very early latency processing differentiation (start-
ing at 60 msec poststimulus) must be more complex than
a simple template for the designated target tone. This
early target identification system apparently also relies
on the deviant nature of the relevant stimulus within an
auditory context, perhaps as a springboard for its identi-
fication as a target. In other words, the deviant nature of
the auditory target stimulus may be making the sound
more salient, thereby increasing participants’ ability to
detect it (Kayser, Petkov, Lippert, & Logothetis, 2005).

The Relational Template

It makes sense that, to achieve the goal of detecting and
processing a specific piece of information in a complex
and dynamic auditory environment, it would be benefi-
cial to use as much of the information available as pos-
sible to isolate the relevant information. The fact that
we see this rapid detection and early processing differ-
entiation in the in-stream trials and not the alone trials
suggests that the process may be a more general “rela-
tional template” that relies on the relationship of the

target and its features relative to an ongoing auditory
context, in particular the ongoing standards, but pre-
sumably also including the irrelevant nontarget stimuli.
The target-defined feature in the current experiment
occurs as a deviation within an ongoing auditory context,
thereby helping to distinguish the target from its sur-
roundings and to enable its identification earlier and
more easily.
It could be argued that the early effect we are seeing

is the well-known Nd or processing negativity. These
effects, however, are generally found in very different
paradigms than that which was employed here. In par-
ticular, Nd paradigms typically consist of two or more
streams of frequently repeated tones, and the Nd ERP
effect is the result of a comparison between the stimulus
when it is part of an attended versus an unattended
stimulus stream. In contrast, in the present experiment,
the target occurred as a single occurrence, with no repe-
tition, within a brief stream of other stimuli. Additionally,
pitch-based versions of these Nd attention effects tend
to start later in time and last substantially longer (e.g.,
Degerman, Rinne, Särkkä, Salmi, & Alho, 2008; Hansen
& Hillyard, 1980, 1983), whereas our EBN effects appear
as a very early and temporally focal ERP effect beginning
at 60 msec poststimulus. Moreover, and perhaps most
importantly, the fact that we see this early differentiation
only in the in-stream trials, and not in the alone trials
intermixed into the same run, strongly argues against
the EBN effect being a form of Nd.
In addition, the fact that we observed an association

between RTs and the size of the EBN effect supports
the idea that this effect reflects the detection and iden-
tification of the relevant target as facilitated by the tem-
plate mechanism. If the relational template is engaged to
facilitate rapid target detection and discrimination, then
successful engagement should yield faster RTs and
clearer and larger target versus nontarget differentiation.
This is exactly what we see with the individuals who
responded the fastest and who showed a larger differ-
ence between the target and nontarget EBN responses.
Less effective use of the relational template, reflected
by a weaker and less clear distinction between the target
and the nontarget, resulted in slower/poorer perfor-
mance on the task. This variation between individuals
thus provides further evidence that effective implemen-
tation of the relational template mechanism results in
facilitation of the detection and discrimination of desig-
nated target stimuli.
What is still unclear from the current experiments,

however, is whether this early differential response, and
therefore the resulting neural response of the template
mechanisms, is due to target enhancement, nontarget
suppression, or possibly a combination of both. It would
seem that the most efficient strategy for early target
detection would be to enhance the processing of the
target. However, the only way for this to occur is to have a
stable and clear representation of the target for establishing
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a template. If there is a stable and robust representation
of the target, especially in conjunction with its deviancy
from an ongoing auditory context, participants are primed
for the particular stimulus parameters and can therefore
more efficiently process the target stimulus. An alternative
(or additional) strategy, however, could be to also suppress
the processing of stimuli that one knows is not the target
(i.e., particularly the nontarget deviant). By suppressing
the information that is clearly not the target, one could
presumably more easily detect the target when it occurs.
Either strategy, or a combination thereof, could ultimately
facilitate the ability to detect and discriminate the target.
Regardless, the present results showing clear early differ-
entiation between a target and nontarget stimulus, but only
within an ongoing auditory context and not when occur-
ring alone, implicate the ability of the brain to maintain
and make use of a relational template to facilitate the
detection of relevant target sounds.

Long-latency Processing: P300 Responses

Despite there being an early EBN effect for the in-stream
trials but not for the alone trials, the late-level processing
reflected by the P300 was present for both trial types, but
mainly just to the targets; the P300 was absent or very
small for the nontargets. The fact that there was no clear
P3a for the nontargets indicates a couple of things. First,
the paradigm successfully allowed participants to focus
their attention to the relevant stimuli without the irrele-
vant deviants capturing much attention, which would
have been reflected in a P3a to the nontargets (Sawaki
& Katayama, 2006). The faster rates of presentation in
the current paradigm, compared to the one stimulus
per 1–2 sec for standard odd-ball paradigms, likely served
to increase perceptual load and allows for the more
consistent suppression of irrelevant information (Woldorff,
Hackley, & Hillyard, 1991). Additionally, the fact that
we see a clear and robust P300 for targets regardless of
whether they were presented in the in-stream trials or
the alone trials is consistent with the idea that P300 reflects
higher-level operations involved in target processing (see
Polich, 2007, for a review) and not necessarily dependent
on previous processing steps. The fact that we see an EBN
effect for the in-stream trials and not the alone trials but
see P300s for both are indicative that the processing
reflected by the P300 is not contingent on the relational
template processing mechanism.

Conclusions

The auditory environment can be a rich landscape, full of
both informative and distracting sounds. The present
results indicate that the process by which we successfully
select relevant information and simultaneously reject
irrelevant information can occur particularly rapidly by
the instantiation in the brain of a context-based relational
template. This template results in an early bilateral differ-

entiation between a relevant target and an irrelevant non-
target that utilizes the deviancy aspect of the target
stimulus within a local auditory context to aid in rapid
target sound detection and identification.

Reprint requests should be sent to Marissa L. Gamble, Center
for Cognitive Neuroscience, P.O. Box 90999, Durham, NC
27708, or via e-mail: marissa.gamble@duke.edu.

Note

1. These trials were presented in isolation, with no surround-
ing auditory stimuli, such as the standards. Thus, the statistical
analyses and figures could be done on the raw waveforms, with
no need of any ADJAR correction or subtractions.

REFERENCES

Bregman, A. S. (1990). Auditory scene analysis: The perceptual
organization of sound. Cambridge, MA: MIT Press.

Cherry, E. C. (1953). Some experiments on the recognition of
speech, with one and with two ears. The Journal of the
Acoustical Society of America, 25, 975–979.

Cusack, R., & Carlyon, R. (2003). Perceptual asymmetries in
audition. Journal of Experimental Psychology: Human
Perception and Performance, 29, 713–725.

Dalton, P., & Lavie, N. (2004). Auditory attentional capture:
Effects of singleton distractor sounds. Journal of
Experimental Psychology: Human Perception and
Performance, 30, 180–193.

Dalton, P., & Lavie, N. (2007). Overriding auditory attentional
capture. Perception & Psychophysics, 69, 162–171.

Degerman, A., Rinne, T., Särkkä, A.-K., Salmi, J., & Alho, K.
(2008). Selective attention to sound location or pitch studied
with event-related brain potentials and magnetic fields.
The European Journal of Neuroscience, 27, 3329–3341.

Eramudugolla, R., McAnally, K., Martin, R., Irvine, D., &
Mattingley, J. (2008). The role of spatial location in auditory
search. Hearing Research, 238.

Gamble, M. L., & Luck, S. J. (2011). N2ac: An ERP component
associated with the focusing of attention within an auditory
scene. Psychophysiology, 48, 1057–1068.

Gamble, M. L., & Woldorff, M. G. (2014). The temporal cascade
of neural processes underlying target detection and
attentional processing during auditory search. Cerebral
Cortex (New York, N.Y.: 1991).

Gregg, M. K., & Samuel, A. G. (2012). Feature assignment in
perception of auditory figure. Journal of Experimental
Psychology: Human Perception and Performance, 38,
998–1013.

Grillon, C., Courchesne, E., Ameli, R., Elmasian, R., & Braff, D.
(1990). Effects of rare non-target stimuli on brain
electrophysiological activity and performance. International
Journal of Psychophysiology, 9, 257–267.

Hansen, J., & Hillyard, S. (1983). Selective attention to
multidimensional auditory stimuli. Journal of Experimental
Psychology: Human Perception and Performance, 9,
1–19.

Hansen, J. C., & Hillyard, S. A. (1980). Endogenous brain
potentials associated with selective auditory attention.
Electroencephalography and Clinical Neurophysiology, 49,
277–290.

Jung, T.-P., Makeig, S., Humphries, C., Lee, T., Mckeown, M. J.,
Iragui, V., et al. (2000). Removing electroencephalographic
artifacts by blind source separation. Psychophysiology, 37,
163–178.

Gamble and Woldorff 9



Katayama, J., & Polich, J. (1996). P300, probability, and the
three-tone paradigm. Electroencephalography and Clinical
Neurophysiology/Evoked Potentials Section, 100, 555–562.

Kayser, C., Petkov, C., Lippert, M., & Logothetis, N. (2005).
Mechanisms for allocating auditory attention: An auditory
salience map. Current Biology, 15, 1943–1947.

Luck, S. J., & Hillyard, S. A. (1994). Spatial filtering during visual
search: Evidence from human electrophysiology. Journal of
Experimental Psychology: Human Perception and
Performance, 20, 1000–1014.

Moray, N. (1959). Attention in dichotic-listening—Affective cues
and the influence of instructions. Quarterly Journal of
Experimental Psychology, 11, 56–60.

Polich, J. (2007). Updating P300: An integrative theory of P3a
and P3b. Clinical Neurophysiology, 118, 2128–2148.

Sawaki, R., & Katayama, J. (2006). Stimulus context determines
whether non-target stimuli are processed as task-relevant or
distractor information. Clinical Neurophysiology, 117,
2532–2539.

Sawaki, R., & Katayama, J. (2008). Difficulty of discrimination
modulates attentional capture by regulating attentional focus.
Journal of Cognitive Neuroscience, 21, 359–371.

Shinn-Cunningham, B. G., Lee, A. K. C., & Oxenham, A. (2007).
A sound element gets lost in perceptual competition.
Proceedings of the National Academy of Sciences, 104,
12223–12227.

Woldorff, M. (1993). Distortion of ERP averages due to overlap
from temporally adjacent ERPs: Analysis and correction.
Psychophysiology, 30, 98–119.

Woldorff, M. G., Hackley, S. A., & Hillyard, S. A. (1991). The
effects of channel-selective attention on the mismatch
negativity wave elicited by deviant tones. Psychophysiology,
28, 30–42.

Wood, N., & Cowan, N. (1995). The cocktail party phenomenon
revisited: How frequent are attention shifts to one’s name
in an irrelevant auditory channel? Journal of Experimental
Psychology: Learning, Memory, and Cognition, 21,
255–260.

10 Journal of Cognitive Neuroscience Volume X, Number Y



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




