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Abstract

& The effects of attention on the neural processes underlying
auditory scene analysis were investigated through the manip-
ulation of auditory task load. Participants were asked to focus
their attention on tuned and mistuned stimuli presented to
one ear and to ignore similar stimuli presented to the other
ear. For both tuned and mistuned sounds, long (standard) and
shorter (deviant) duration stimuli were presented in both ears.
Auditory task load was manipulated by varying task instruc-
tions. In the easier condition, participants were asked to press
a button for deviant sounds (target) at the attended location,
irrespective of tuning. In the harder condition, participants
were further asked to identify whether the targets were tuned

or mistuned. Participants were faster in detecting targets
defined by duration only than by both duration and tuning. At
the unattended location, deviant stimuli generated a mismatch
negativity wave at frontocentral sites whose amplitude
decreased with increasing task demand. In comparison,
standard mistuned stimuli generated an object-related neg-
ativity at central sites whose amplitude was not affected by task
difficulty. These results show that the processing of sound
sequences is differentially affected by attentional load than is
the processing of sounds that occur simultaneously (i.e.,
sequential vs. simultaneous grouping processes), and that they
each recruit distinct neural networks. &

INTRODUCTION

Our typical environment is acoustically complex. At any
given moment, we might be surrounded by a number
of sound-generating elements such as a computer fan,
a radio playing music, or a group of people speaking,
and several of these elements might be operating
simultaneously. In order to make sense of this envi-
ronment, we must identify, group, and segregate these
elements into separate mental representations called
auditory streams or objects. This process is known as
auditory scene analysis and involves perceptually or-
ganizing our environment along two axes: horizontal
(time) and vertical (frequency). Organization along the
horizontal axis entails sequential grouping of acoustic
data over several seconds, whereas along the vertical
axis, acoustic elements from simultaneous sound sour-
ces are grouped and segregated within hundreds of
milliseconds.

Bregman (1990) proposed a comprehensive account
of auditory scene analysis that outlines both primitive
(bottom-up) and knowledge-based (top-down) modes
of processing. Low-level stream segregation involves the
grouping together of sounds according to frequency,
spatial, and temporal aspects following Gestalt princi-
ples (e.g., sounds that start at the same time are more
likely to be coming from the same source). This is
thought to be an automatic, innate process that can be
found in infants as well as in animals such as birds

(MacDougall-Shackleton, Hulse, Gentner, & White,
1998; Hulse, MacDougall-Shackleton, & Wisniewski,
1997) and monkeys (Fishman, Reser, Arezzo, & Steinsch-
neider, 2001). Top-down processes, on the other hand,
involve conscious attention and may be based on past
experiences with certain classes of sounds—for exam-
ple, the recognition of a familiar voice or melody as
opposed to one that is novel.

A great deal of evidence supports this notion of low-
level auditory scene analysis that is automatic, un-
learned, and independent of listener attention. For
example, performance in auditory tasks can be im-
proved by clustering sounds presented outside the
focus of attention (e.g., Alain & Woods, 1993, 1994;
Bregman & Rudnicky, 1975). Infants, while still too
young to intentionally attend to stimuli, have been
shown to be responsive to changes in auditory patterns
(e.g., Alho, Sainio, Sajaniemi, Reinikainen, & Naatanen,
1990; Trehub, Bull, & Thorpe, 1984; Chang & Trehub,
1977), suggesting that focused attention is not a pre-
requisite for extracting and encoding regularities within
the auditory stream. There is, however, some evidence
from more recent studies that appears to contradict this
notion. For example, Carlyon, Cusack, Foxton, and
Robertson (2001) showed that attention influences
what is thought to be low-level stream segregation.
They noticed that selective attention to one spatial
location (e.g., right ear) substantially reduced the
build-up of stream segregation for sounds presented
at the unattended location (i.e., left ear). In addition,
they found that patients with unilateral neglect showedUniversity of Toronto
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reduced streaming for stimuli presented in the ne-
glected hemifield.

The Present Study

The aim of the present study is to elucidate the rela-
tionship between attention and low-level stream segre-
gation through the recording of human event-related
brain potentials (ERPs). ERPs provide a powerful mea-
sure for examining the effects of selective attention on
auditory scene analysis because they can be recorded for
stimuli presented outside the focus of attention. Two
electrophysiological events have been associated with
the bottom-up aspect of auditory scene analysis: the
mismatch negativity wave (MMN) and the object-related
negativity (ORN) wave.

The MMN is elicited by deviant stimuli embedded in a
sequence of standard stimuli, even when stimuli are
presented outside the focus of attention. The deviant
may differ from the standard in frequency, intensity,
and/or duration (Näätänen, 1992). Sounds that break
repeating auditory patterns (e.g., four tones regularly
alternating in frequency) also generate an MMN re-
sponse (for reviews, see Alain & Arnott, 2000; Picton,
Alain, Otten, Ritter, & Achim, 2000). The MMN is
thought to index an automatic mismatch response
between the incoming stimulus and a representation
of what is expected based upon the organization of the
previously presented stimuli (Alain, Woods, & Ogawa,
1994; Alain, Cortese, & Picton, 1999). In the present
study, the MMN is used as an index of sequential
integration because its elicitation depends on the ex-
traction of regularities in previously presented stimuli.
The fact that the MMN can be recorded outside the
focus of attention is consistent with the hypothesis that
sequential integration of sounds may occur automati-
cally. However, selective attention experiments that
make strong demands on attentional resources have
shown that the MMN is smaller for stimuli presented at
the unattended location than at the attended location
(e.g., Alain & Woods, 1997; Woldorff, Hackley, & Hill-
yard, 1991; Woldorff, Hillyard, Gallen, Hampson, &
Bloom, 1998). Task instructions that draw listeners’
attention to the organization of the stimuli also modulate
the amplitude of the MMN, indicating that MMN gener-
ation is sensitive to top-down controlled processes (Suss-
man, Winkler, Huotilainen, Ritter, & Naatanen, 2002).
Together, these findings suggest that a listener’s atten-
tion plays an important role in extracting and encoding
the acoustic regularities between consecutive acoustic
events. It has been suggested that attention affects
processes prior to the MMN-generating system rather
than the MMN itself (Rinne, Antila, & Winkler, 2001;
Ritter, Sussman, Deacon, Cowan, & Vaughan, 1999).

The ORN is a relatively new ERP component thought
to index concurrent sound segregation (Alain, Arnott, &
Picton, 2001; Alain, Schuler, & McDonald, 2002; Alain,

Theunissen, Chevalier, Batty, & Taylor, 2003). It is
present when participants perceive two simultaneous
auditory events. Two concurrent sounds are perceived
when one harmonic component of a complex sound is
mistuned so that it is not an integer multiple of the
fundamental. The ORN is present even when partici-
pants are asked to ignore the stimuli and read a book of
their choice (Alain, Arnott, et al., 2001) or watched a
subtitled movie with our sound muted (Alain et al.,
2002). The ORN is thought to index concurrent sound
segregation because, in contrast with the MMN, its
generation does not depend on contextual factors such
as the probability of the mistuned harmonic within a
sequence of stimuli. Specifically, it likely reflects the
discrepancy between the mistuned harmonic and
the expected frequency based upon the fundamental.
The fact that the ORN was recorded even when partic-
ipants were not attending to the stimuli is consistent
with the proposal that concurrent sound segregation
may occur independently of a listener’s attention. How-
ever, these findings should be interpreted with caution
because, in these studies, listener attention was not well
controlled, for little effort was made to ensure that they
read their book or attended to the subtitled movie.
Because there was no objective measure of attention,
the possibility that the participant’s attention may have
wandered to the auditory stimuli cannot be ruled out.

In the present study, we controlled attention by
using a selective listening paradigm in which partici-
pants were asked to attend to tuned and mistuned
stimuli presented in one location (e.g., left ear) while
ignoring similar sounds presented in another location
(i.e., right ear). In one condition, participants were
asked to press a button in response to rare, shorter
duration sounds regardless of mistuning. In another
condition, participants were presented with the same
stimuli, but they were asked to press one key if the
shorter sounds were tuned and another key if they
were mistuned, thereby increasing the attentional de-
mand of the task. In the present study, the MMN was
used as an index of sequential integration, whereas the
ORN was used as an index of concurrent sound segre-
gation. It was hypothesized that: (a) if the sequential
integration of sounds is independent of listener atten-
tion, then the MMN should be present in both listening
conditions and should be little affected by auditory

Table 1. Group Mean and Standard Error of the Mean for
Hits, False Alarms (FAs), and Response Time (RT) to Target
Defined by a Single or a Conjunction of Features

Condition Hit (%) FAs (%) RT (msec)

Single 43 ± 4.7 9.4 ± 2.6 672 ± 16

Conjunction 39 ± 5.5 25.3 ± 3.6 767 ± 19

The data from the left and right ear were lumped together.
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attention load; (b) similarly, if concurrent sound segre-
gation is independent of listener attention, the ORN
should be present in both listening conditions and
should be little affected by task instruction. However,

if the processing of sequentially and/or simultaneously
occurring sounds depends on listener attention, then
the MMN and/or ORN amplitude should vary with task
instructions.

Figure 1. (A) Group mean

ERPs elicited by tuned stimuli

occurring at the attended
(solid) and unattended location

(dashed) during the single (left

panel) and feature conjunction

(right panel) tasks. (B) Group
mean negative difference (Nd)

waves between the ERPs

elicited by standard attended
and unattended stimuli when

the target was defined by

duration only (Single) or by

duration and tuning
(Conjunction). In this and the

subsequent figures, negativity is

plotted upwards. S = stimulus

onset. (C) Contour maps for
the Nde (200 msec) and Ndl

(375 msec). The data obtained

when participants attended to

the left and right ear were
collapsed together with the

electrode position from the

attended right ear condition
flipped so that electrodes over

the right hemisphere are

contralateral to the attended

location (i.e., left ear). The
contour spacing was set at 0.2

AV. The negative polarity is

illustrated by the shaded area.

The open dots indicate
electrode positions.
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RESULTS

Behavioral Data

The behavioral results are summarized in Table 1. The
single and conjunction tasks were both very demanding
with participants accurately identifying only 43% and
39% of the target stimuli, respectively. There was no
difference in accuracy between the single and conjunc-
tion tasks, F(1,9) = 1.46. However, participants were
faster when targets were defined by duration only than
when they were defined by the conjunction of duration
and tuning, F(1,9) = 33.39, p < .001. There was no
difference in response time when the targets were
presented to the left or right ears nor was the interac-
tion between task and ear of presentation significant.
Participants also made significantly more errors in the
conjunction than in the single detection task, F(1,9) =
36.29, p < .001. This difference in error rate was caused
primarily by participants pressing the wrong button in
the conjunction condition rather than by participants
making responses outside of the hit window (see
Methods).

Electrophysiological Data

The extent to which participants focus their attention at
the designated location may have a tremendous impact
on how task-irrelevant stimuli are processed. We exam-
ined the effects of spatial attention on processing
standard stimuli and tested whether the allocation of
spatial attention differed between the single and con-
junction tasks.

Figure 1 shows ERPs elicited by the standard tuned
stimuli when they occurred both at the attended loca-
tion and at the unattended location. All stimuli gen-
erated N1 and P2 waves that were maximum at
frontocentral scalp sites. The ERPs elicited by stimuli
occurring at the attended location were characterized
by a negative displacement at frontocentral sites that
began at about 70 msec after sound onset and lasted for
several hundred milliseconds. The effects of attention
on the ERPs are best isolated as Nd waves between the
ERPs elicited by the standard stimuli presented in the
attended location and those elicited by the same stimuli
when they were unattended. At frontocentral sites, the
Nd wave was comprised of early (Nde) and late (Ndl)
portions, peaking at about 200 and 375 msec after
sound onset, respectively. Both Nde and Ndl inverted
in polarity at temporal electrodes, consistent with gen-
erators located in the superior temporal gyrus along the
Sylvian fissure.

The effects of auditory spatial attention on the ERPs
elicited by standard stimuli were confirmed with
an ANOVA on the mean amplitude between 90 and
170 msec with Attention (attended vs. unattended), Task
(single vs. conjunction), and Electrodes as factors,
F(1,9) = 17.90, p < .01. The Nde amplitude was similar

in both single and feature conjunction conditions [Atten-
tion � Task interaction, F(1,9) = .90]. The late effects of
attention on ERPs to the standard stimuli were quantified
over the 330–410 msec interval. The ANOVA showed a
main effect of attention, F(1,9) = 54.54, p < .001. As with
the Nde, Ndl was similar in amplitude during the single
and feature conjunction conditions [Attention � Task
interaction, F(1,9) = 1.62].

In addition to the effects of selective attention at the
frontocentral scalp sites, we also observed a reduced P1
wave for unattended stimuli over the hemisphere con-
tralateral to the attended location (Figure 2). This effect
of spatial attention on the P1 was quantified at a subset
of electrodes over the hemisphere ipsi- and contra-
lateral to the attended location (i.e., F5/6, F7/8, Fc5/6,
C5/6, T7/8, and CP5/6). There was a main effect of
attention, F(1, 9) = 31.94, p < .001, and a significant
Attention � Hemisphere interaction, F(1,9) = 13.38,
p < .005. The interaction between Attention and Task
was not significant.

Effects of Task Load on Sequential Integration

The effects of task demand on sequential integration
were examined by comparing ERPs elicited by standard
tuned and deviant tuned stimuli occurring only at the
unattended location (Figure 3). The ERPs elicited by
stimuli occurring at the attended location were not
included in the analyses because the duration targets
generated an MMN with a latency that overlapped with
the Nde to the standard stimuli. In other words, it was
not possible to dissociate contribution of attention-
related enhanced negativity (Nd) from the MMN, making
the identification of the MMN response difficult.

Deviant stimuli occurring at the unattended location
generated an MMN that peaked at about 220 msec
after sound onset [main effect of stimulus type for the
180–260-msec interval, F(1,9) = 24.82, p < .001]. The

Figure 2. Group mean ERPs elicited by tuned stimuli occurring at the

attended (solid) and unattended location (dashed) during the single
feature conjunction. The solid dots on the schematic of the head

indicate electrode positions. The data obtained when participants

attended to the left and right ear were collapsed together with the

electrode position from the attended right ear condition flipped so
that electrodes over the right hemisphere are contralateral to the

attended location (i.e., left ear). That is, the P1 recorded at C6 is

contralateral to the attended location.
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interaction between Stimulus Type and Task was signif-
icant, F(1,9) = 7.48, p < .05, indicating that the MMN
amplitude was significantly smaller during the conjunc-
tion than in the single feature discrimination task. A
separate ANOVA on the ERPs recorded during the
conjunction task indicated that the MMN response failed
to reach significance, F(1,9) = 4.37, p = .07. The
reduced MMN amplitude in the conjunction condition
was primarily due to an effect of task demand on ERPs
elicited by the deviant stimuli, F(1,9) = 6.03, p < .05
(Figure 4). A planned comparison revealed no significant
difference in ERP amplitude elicited by the standard
stimuli, F(1,9) < 1.0.

The MMN was largest over the right frontocentral
areas and inverted in polarity at inferior temporal–
parietal sites (Figure 3). Deviant stimuli generated a
significant MMN at inferior parietal and mastoid sites
[TP9/10 and T7/8, F(1,9) = 23.87, p < .001]. As was the
case for the MMN recorded at frontocentral sites, the
MMN amplitude at inferior temporal–parietal sites was
significantly reduced with increasing auditory task load,
F(1,9) = 12.38, p < .01. A subsequent analysis on
the ERPs recorded during the conjunction task revealed
no significant MMN response, F(1,9) = 1.40, p = 0.27.

Effects of Task Load on Concurrent Sound Segregation

The effects of task demand on concurrent sound seg-
regation were examined by contrasting ERPs elicited by
standard tuned and standard mistuned stimuli pre-
sented at the unattended location (Figure 5). The
effects of task load on processing standard tuned and

mistuned stimuli are illustrated separately in Figures 4
and 6, respectively. There was a main effect of mistuning
on ERPs for the 150–230-msec interval, F(1,9) = 15.41,
p < .01. The interaction between Task and Mistuning
was not significant, F(1,9) = 0.32. The amplitude was
maximal over the central scalp region and inverted in
polarity at the inferior frontal and temporal–parietal
scalp regions, consistent with generators located in
auditory cortices along the supratemporal plane. Sepa-
rate ANOVAs on the ERPs elicited by tuned and mis-
tuned stimuli at the inferior temporal–parietal sites
showed a main effect of mistuning, F(1,9) = 10.92,
p < .01. The interaction between Task and Mistuning
was not significant, F(1,9) = 1.06, p = 0.33.

Effects of Task Load: Sequential versus Concurrent
Sound Segregation

To test whether sequential segregation was more sensi-
tive to task demand than concurrent sound segregation,
we compared the effects of task load on the MMN and

Figure 3. Group mean ERPs elicited by standard tuned and deviant

tuned stimuli presented at the unattended location as a function of

auditory task load. Note that the N1 wave is smaller for the deviant
than for the standard because the deviant tones is shorter in duration

than the standards and thus has less energy than the standards. The

solid dots on the schematic of the head indicate electrode positions.

Figure 4. Effects of auditory task load on processing standard and
deviant tuned stimuli presented outside the focus of attention. Note

that the processing of deviant stimuli was modulated by varying task

demands, whereas the processing of the standard stimuli was little
affected by the attentional resource allocated to the auditory task.
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ORN within the same ANOVA. Overall, the MMN ampli-
tude was significantly larger than the ORN at frontocen-
tral sites, F(1,9) = 8.82, p < .05 (Figure 7). There was
also a significant interaction between Task and Compo-
nent, F(1,9) = 6.26, p < .05, reflecting greater effects of
auditory task load on MMN than on ORN amplitude. At
inferior temporal sites, the MMN and ORN amplitude
was comparable, F(1,9) = 2.98, p = .12. However, there
was a significant interaction between Task and Compo-
nent, F(1,9) = 10.48, p < .01. This finding suggests that
sequential integration, as indexed by the MMN, is more

sensitive to demand on attentional resources than is
concurrent sound segregation.

Scalp Distribution Analyses

One important assumption of the present study is that
the ORN and MMN responses index different aspects of
auditory scene analysis, namely concurrent and sequen-
tial analysis of sounds, respectively. To test this hypoth-
esis, we compared the scalp distribution of the ORN
and MMN obtained from stimuli presented at the
unattended location during the single feature detection
task. Scalp distributions are an important criterion in
distinguishing between ERP components. The postulate
is that different scalp distributions indicate different
spatial configurations of intracranial sources. In the
present study, we analyzed scalp distributions to exam-
ine whether the observed ERP component generation
(i.e., MMN and ORN) depends on distinct neural net-
works. Figure 8 shows the amplitude distribution for
the MMN and ORN. The ORN was largest at central
sites and inverted in polarity at inferior temporal sites.
In comparison, the MMN was largest at frontocentral
sites and inverted in polarity at inferior parieto-occipital
sites. There was a significant difference in topographies
between the MMN and ORN, F(60, 540) = 5.00, p < .001,

Figure 5. Group mean ERPs elicited by standard tuned and standard

mistuned stimuli presented at the unattended location as a function of

auditory task load. Note that the ORN showed maximum amplitude at
different electrode sites than the MMN. The solid dots on the

schematic of the head indicate electrode positions.

Figure 6. Effects of auditory task load on processing standard

mistuned stimuli presented outside the focus of attention. Note that

the processing of mistuning stimuli between an interval of 100 and

200 msec was little affected by the attentional resource allocated to the
auditory task.

Figure 7. Bar graph illustrating the group mean amplitude for the

MMN and ORN as a function of the auditory task load. The MMN and

ORN amplitude reflect the mean voltage over an 80-msec interval

measured at nine frontocentral (top) and four temporal (bottom) sites
(see Methods for details). Only the MMN amplitude was significantly

reduced with increasing task demand.
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with the ORN being more centrally distributed than
the MMN. The effect of task instruction on the MMN
or ORN amplitude distribution was not significant.

DISCUSSION

The present study was designed to examine the extent
to which demand on attentional resources influences
auditory scene analysis by manipulating auditory task
difficulty. The assumption is that a more difficult audi-
tory task (i.e., conjunction task) puts a greater demand
on a fixed pool of resources, leaving less available for
processing events occurring outside the ‘‘spotlight’’ of
attention.

The observed level of accuracy was relatively low—
albeit above chance performance—due largely to high
target density. We chose a high rate of target presenta-
tion, with one occurring on average every 1500 msec, to
help participants maintain their focus of attention at the
designated location and to minimize the wandering of
attention toward the task-irrelevant location.

Although the hit rate was comparable in both single
and conjunction tasks, participants made more FAs and
were slower in detecting targets defined by a combina-
tion of features than those defined by a single feature.
This finding is not surprising in light of previous re-
search on auditory feature conjunction that showed an
increased response time when targets were defined by a
conjunction of features rather than by a single feature
(Woods, Alain, & Ogawa, 1998; Woods, Alain, Diaz,
Rhodes, & Ogawa, 2001). In addition, it has been well
documented that the threshold for detecting mistuning
increases with decreased stimulus duration (Alain,
McDonald, Ostroff, & Schneider, 2001; Moore, Peters,
& Glasberg, 1985; Moore, Glasberg, & Peters, 1986).
Though the degree of mistuning was large, the relatively
short target duration used in the present study may have
impeded the ability of untrained listeners to detect
mistuning. This could also account for the increased
response time and error rate observed in the conjunc-
tion condition. Most importantly, the manipulation of
task instructions, while keeping the stimulus set con-
stant, did indeed affect task difficulty.

The electrophysiological data suggest that task in-
struction affected the neural correlates of response
processes rather than those of early selection processes.
The effects of spatial attention on ERPs (i.e., Nd wave)
showed comparable onset and amplitude in both single
and feature conjunction conditions. This suggests that
listeners were equally able to focus and maintain their
attention to the designated location, in both conditions.
This is not surprising given that the Nde is primarily
affected by factors that promote the segregation of the
attended and unattended channels such as the frequen-
cy and/or spatial separation between the task-relevant
and task-irrelevant stimuli (for reviews, see Alain &
Woods, 1994; Alain & Arnott, 2000; Alho, Tottola, Re-
inikainen, Sams, & Naatanen, 1987; e.g., Woods & Alain,
2001; Hansen & Hillyard, 1980). The Ndl was also similar
in amplitude and latency in both single and feature
conjunction conditions. This finding differs from previ-
ous work showing an increase in Ndl amplitude with
increasing task difficulty (Okita, 1989; Maiste & Picton,
1987; Parasuraman, 1980). The discrepancy between our
results and those from previous studies is likely due to
procedural differences. In previous studies, task difficul-
ty was manipulated by either increasing the number of
potential targets or by decreasing the discriminability
between the standard and target stimuli. In the present
study, both the proportion of target and the discrimina-
bility between standards and deviants were kept con-
stant, only the number of features to identify within the
target stimulus was varied between the conditions.

In addition to these correlates of selective attention,
auditory spatial attention also modulates the amplitude
of the P1 wave contralateral to the attended location.
This attention effect preceded the onset of the Nd wave
at frontocentral sites and may reflect an early gating of

Figure 8. Contour maps for the MMN and ORN peak amplitude. The

contour spacing was set at 0.2 and 0.1 AV for the MMN and ORN,
respectively. The negative polarity is illustrated by the shaded area. The

open dots indicate electrode positions.

Alain and Izenberg 1069

D
ow

nloaded from
 http://direct.m

it.edu/jocn/article-pdf/15/7/1063/1757971/089892903770007443.pdf by guest on 16 M
ay 2021



task-irrelevant information (Woldorff et al., 1993; Hill-
yard, Hink, Schwent, & Picton, 1973). This gating was
similar in both single and conjunction tasks. Our results
are consistent with previous work showing early atten-
tion effects on auditory ERPs in situations that promote
auditory streaming (Alain & Woods, 1994) as well as
those that place strong attentional demands on the
listeners (Woldorff et al., 1993). Together, the P1 and
Nd wave data suggest that auditory spatial attention is
associated with both the modulation of exogenous
sensory responses, and the generation of a slow ‘‘pro-
cessing negativity’’ that begins at sound onset and
remains present through the N1 and P2 waves (Woods,
Alho, & Algazi, 1994).

The main objective of the present study was to
examine the extent to which sequential and concurrent
sound segregation can occur independently of listener
attention. We found that the MMN amplitude at the
unattended location decreased with increasing task
demand within the attended channel. The effects of task
demand on the MMN cannot be accounted for by
attention-related negativities such as the N2b, because
they were present for deviant sounds occurring at the
unattended location, which did not require a response
from the participants. Our results are consistent with
many studies showing an effect of selective attention on
the MMN elicited by intensity- (Woldorff et al., 1998;
Naatanen, Paavilainen, Tiitinen, Jiang, & Alho, 1993;
Woldorff et al., 1991), duration- (Alain & Woods,
1994), frequency- (Trejo, Ryan-Jones, & Kramer, 1995),
or pattern-deviant stimuli (Alain & Woods, 1997). The
fact that a significant MMN was recorded in all condi-
tions, despite a very demanding task, is consistent with
the proposal that MMN generation does not depend on
listener attention but that attention can modulate the
MMN generator (Naatanen et al., 1993). However, we
cannot be completely sure that the task, albeit demand-
ing, was optimal in preventing participants from listen-
ing to the sounds presented in the unattended location.
In a recent study using a more complex auditory scene
comprised of three sound sources, we found that the
MMN amplitude was abolished for those deviants that
occur at furthest from the attended source (Arnott &
Alain, 2002). This finding suggests that in auditory
attention tasks, the attention ‘‘spotlight’’ may be deter-
mined by the spatial distance between the attended and
adjacent unattended stream of sounds. This could partly
explain the small, but not abolished MMN response in
the present study, despite very demanding tasks.

Mistuned stimuli generated an ORN whose latency,
amplitude, and scalp distribution were comparable to
those obtained in previous studies using similar stimuli
(Alain, Arnott, et al., 2001; Alain et al., 2002). In contrast to
the MMN data, the ORN did not show significant changes
as a function of task demand. This finding is consistent
with the proposal that concurrent sound segregation can
take place independently of a listener’s attention.

Selective attention may influence sequential integra-
tion as indexed by the MMN at various levels of process-
ing. For example, selective attention may strengthen the
sensory traces allowing them to remain active for a
longer period, thereby easing the extraction of regular-
ities between successive events. Attention may also
refine the sensory trace, which, in turn, would facilitate
the detection of stimulus deviance. In the present study,
increased task demands within the attended channel
may impoverish the representation of task-irrelevant
stimuli to such an extent that stimulus differences are
not as prominent and therefore not easily registered.
Another possibility is that the computation of a stimulus
difference itself is less efficient in situations that place
strong demands on attentional resources. That is, in-
creased perceptual load may have affected the compar-
ison process by making it less precise and less efficient.
Assuming a fixed amount of attentional resources (e.g.,
Lavie, 1995), the smaller MMN in the conjunction con-
dition may indicate less attentional resources allocated
to task-irrelevant stimuli because of the increased com-
plexity of the conjunction task.

It has been proposed that selective attention has its
effect on processing prior to the MMN-generating system,
rather than on the MMN itself (Rinne et al., 2001; Ritter
et al., 1999). That is, in tasks that involve strong attention
demands, sensory gating may reduce the input to the
MMN-generating system. However, this view cannot easily
account for the data in the present study because there
was no attention effect on the ORN. Presumably, if
selective attention affected the input to the MMN gener-
ators, then the input to the ORN generators should have
be similarly affected, unless the MMN and ORN receive
input from distinct auditory pathways. Rather, we pro-
pose that selective attention affects the MMN generators.

The results from the present study are consistent with
the proposal that the MMN and ORN components index
different aspects of auditory scene analysis. Firstly, the
effect of task demand was greater on the MMN than on
the ORN. This finding suggests that sequential integra-
tion, as indexed by the MMN, is more sensitive to atten-
tion than is concurrent sound segregation. In addition,
the MMN was more frontally distributed than the ORN.
This implies different neural generators within the audi-
tory cortices along the Sylvian fissure. Converging evi-
dence from scalp distribution analyses (Giard, Perrin,
Pernier, & Bouchet, 1990), neuromagnetic recording
(Alho et al., 1996), dipole source modeling (Scherg,
Vajsar, & Picton, 1989), and intracerebral recording in
nonhuman primates (Javitt, Steinschneider, Schroeder, &
Arezzo, 1996) indicate that the scalp-recorded MMN
results from neural activity in primary and/or secondary
auditory cortices. Furthermore, lesion studies in humans
have shown that a unilateral lesion to the superior
temporal gyrus reduced the MMN to deviant stimuli
presented contralateral to the lesion site, whereas dam-
age to the dorsolateral prefrontal cortex reduced the
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MMN amplitude for deviant sounds presented to the ear
ipsilateral and contralateral to the lesion site (Alain,
Woods, & Knight, 1998). These results suggest that
sensory memory, which is critical for the sequential
integration of sounds, depends on a fronto-temporal
network that includes auditory cortices along the supra-
temporal plane and the dorsolateral prefrontal cortex
(Alain et al., 1998). The neural generators of the ORN
have been less studied. In our previous study, we mod-
eled the scalp-recorded ORN with bilateral dipoles in the
medial superior temporal gyrus, which tended to be
located more medially than the N1 wave (Alain, Arnott,
et al., 2001).

Conclusions

The role of attention in auditory scene analysis has
received considerable attention over the past few years.
Although several studies in the areas of developmental
psychology (e.g., Trehub et al., 1984; Chang & Trehub,
1977), experimental psychology (e.g., Alain & Woods,
1993; Jones, Macken, & Murray, 1993), and cognitive
neuroscience (e.g, Alain, Arnott, et al., 2001) have
provided evidence supporting the notion that auditory
scene analysis occurs automatically and independently
of listener attention, there is also evidence suggesting
that attention is critical for the perceptual organization
of sounds (e.g., Sussman et al., 2002; Carlyon et al., 2001;
Alain & Woods, 1997). Our findings are consistent with
the proposal that attention plays an important role in
scene analysis. In addition, we found evidence suggest-
ing that different aspects of scene analysis may be more
sensitive to attention than others. Sequential integra-
tion, as indexed by the MMN, was reduced with in-
creased task demand, whereas the concurrent sound
segregation was little affected. This difference in atten-
tional sensitivity may be related to the memory system
upon which grouping processes depend on. That is,
sequential integration requires processing successive
stimuli over several seconds, whereas concurrent sound
segregation depends on the integration of acoustic
information within hundreds of milliseconds. The differ-
ence in attentional sensitivity between sequential and
simultaneous grouping processes highlights the intimate
link between attention, perception, and memory.

METHODS

Participants

Twelve adults provided written, informed consent to
participate in the study. The data of two participants were
excluded from further analysis because they showed
extensive ocular contaminations or had extreme difficulty
in distinguishing the different stimuli. Five women and
five men form the final sample (aged between 21 and 35
years, mean age = 26.2 ± 4.6 years). All participants had

pure-tone thresholds within normal limits for frequencies
ranging from 250 to 8000 Hz (both ears).

Stimuli and Task

The stimulus sequences consisted of complex sounds
with a fundamental frequency of 200 Hz. The sequences
were constructed such that half the stimuli were pre-
sented to the left ear and half were presented to the
right ear in random order. In addition, half of the stimuli
were tuned and the other half were mistuned. Tuned
stimuli were created by combining 12 pure tones (i.e.,
200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000,
2200, and 2400 Hz) with equal intensity. For mistuned
stimuli, the third harmonic was shifted either upward or
downwards by 16% of its original value (696 or 504 Hz
instead of 600 Hz). Within each stimulus type (i.e., tuned
and mistuned), there were long duration sounds (stan-
dard) and rare, shorter duration sounds (deviant, prob-
ability 20% overall, 10% in each ear). Sound duration,
including 5 msec rise/fall time, was 100 and 75 msec for
the standard and deviant sounds, respectively. Stimuli
were generated digitally with a sampling rate of 50-kHz
using a 16-bit Tucker Davis System converter and played
through Sennheiser HD 265 headphones at 80 dB SPL.
Stimuli were presented in random order at variable
stimulus onset asynchrony (SOA 200–400 msec with
10-msec steps, rectangular distribution) in blocks of
500 sounds (400 standards, 100 deviants). Participants
were presented with 12 blocks of trials.

Each participant took part in a single feature and
feature conjunction detection tasks (six blocks of trials
in each task). In both tasks, participants were asked to
focus their attention to one location (e.g., left ear) in
order to detect infrequent target sounds at that site. The
stimuli were presented at a high rate to promote the
segregation of the sequence into two streams (one in
each ear) and to ease the focus of attention at the
designated location. The stimulus set was the same in
both tasks; task difficulty was manipulated only by
varying task instructions. In the single feature detection
task, participants were asked to press a button whenever
they heard shorter duration sounds (tuned or mis-
tuned). The importance of speed and accuracy were
equally emphasized to the participants. In the feature
conjunction condition, participants were again asked to
press a button for shorter duration sounds, but they
were also required to identify whether the sound was
tuned or mistuned by pressing button ‘‘one’’ or ‘‘two’’
respectively. The order of listening conditions was coun-
terbalanced across participants.

Electrophysiological Recording and Analysis

The electroencephalogram (EEG) was recorded from
an array of 64 electrodes including those from the
standard 10–20 placements. Vertical and horizontal
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eye movements were recorded with electrodes at the
outer canthi and at the superior and inferior orbit.
Electrophysiological signals were digitized continuously
(bandpass 0.05–50 Hz; 250 Hz sampling rate) via Neuro-
Scan SynAmps and stored for off-line analysis. During
the recording, all electrodes were referenced to Cz; for
data analysis, they were rereferenced to an average
reference, and the electrode Cz was reinstated.

The analysis epoch included 200 msec of prestimulus
activity and 800 msec of poststimulus activity. Trials
contaminated by excessive peak-to-peak deflection
(±100 AV) at the channels not adjacent to the eyes were
automatically rejected before averaging. The ERPs were
then averaged separately for each site, stimulus type, and
listening conditions. ERPs were digitally high-pass filtered
at 0.1 Hz and low-pass filtered to attenuate frequencies
above 15 Hz. For each individual average, the ocular
artifacts (e.g., blinks and lateral movements) were cor-
rected by means of ocular source components using the
Brain Electrical Source Analysis (BESA) software (Picton,
van Roon, et al., 2000; Berg & Scherg, 1994).

The behavioral data (hits, FAs, and RTs) were sub-
jected to a within-subject, repeated-measures analysis of
variance (ANOVA) with task and attended ear as factors.
A hit was defined as a button press between 150 and
1200 msec after target onset. A FA referred to a wrong
button press or a correct button press occurring outside
the hit window.

For the ERP data, the independent variables were task
type (single, conjunction), attention (attended, unat-
tended), stimulus type (standard deviant) or mistuning
(tuned, mistuned), and electrode. Unless otherwise
specified, the effects of attention on ERPs were quanti-
fied using a subset of electrodes over the frontocentral
region (Fz, F1, F2, FCz, FC1, FC2, CZ, C1, and C2) and at
left and right temporo-parietal regions (TP9/10, T7/8).
For each participant, ERP waveforms were measured by
computing mean amplitude values in selected latency
regions, relative to the mean amplitude of the 200 msec
prestimulus activity. Scalp topographies using the 61
electrodes (omitting the periocular electrodes) were
statistically analyzed after scaling the amplitudes to elim-
inate amplitude differences between stimuli and condi-
tions (McCarthy & Wood, 1985). Whenever appropriate,
the degrees of freedom were adjusted with the Green-
house–Geisser epsilon (>). All reported probability esti-
mates are based on these reduced degrees of freedom.
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