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Abstract

n Behavioral and event-related brain potential (ERP) measures
were used to elucidate the neural mechanisms of involuntary
engagement of attention by novelty and change in the acoustic
environment. The behavioral measures consisted of the reac-
tion time (RT) and performance accuracy (hit rate) in a forced-
choice visual RT task where subjects were to discriminate
between odd and even numbers. Each visual stimulus was
preceded by an irrelevant auditory stimulus, which was ran-
domly either a “standard” tone (80%), a slightly, higher “deviant”
tone (10%), or a natural, “novel” sound (10%). Novel sounds
prolonged the RT to successive visual stimuli by 17 msec as
compared with the RT to visual stimuli that followed standard
tones. Deviant tones, in turn, decreased the hit rate but did not
signi�cantly affect the RT. In the ERPs to deviant tones, the
mismatch negativity (MMN), peaking at 150 msec, and a second

negativity, peaking at 400 msec, could be observed. Novel
sounds elicited an enhanced N1, with a probable overlap by
the MMN, and a large positive P3a response with two different
subcomponents: an early centrally dominant P3a, peaking at
230 msec, and a late P3a, peaking at 315 msec with a right-fron-
tal scalp maximum. The present results suggest the involve-
ment of two different neural mechanisms in triggering
involuntary attention to acoustic novelty and change: a tran-
sient-detector mechanism activated by novel sounds and
re�ected in the N1 and a stimulus-change detector mechanism
activated by deviant tones and novel sounds and re�ected in
the MMN. The observed differential distracting effects by
slightly deviant tones and widely deviant novel sounds support
the notion of two separate mechanisms of involuntary atten-
tion. n

INTRODUCTION

It is a common experience that, even during intensive
task performance, our attention can be involuntarily en-
gaged by acoustic changes occurring unexpectedly in
the environment. The present study used a combination
of behavioral and event-related brain potential (ERP)
measures to elucidate the neural mechanisms involved
in such involuntary attention. Irrelevant novel sounds
and slight sound changes were used to cause involuntary
attention to auditory stimuli in a forced-choice visual
discrimination task. In this task, each visual stimulus was
preceded by a task-irrelevant auditory stimulus that was
a repetitive tone occasionally replaced by a slightly
higher (“deviant”) tone or by a natural, “novel” sound. It
was predicted that these unexpected acoustic events
would prolong the reaction time (RT) to visual stimuli
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and decrease the performance accuracy (hit rate) by
engaging the subject’s attention. ERPs elicited by the
auditory-visual stimulus pairs were simultaneously re-
corded in order to reveal neural events underlying the
expected behavioral effects.

Behavioral evidence of attention switching to irrele-
vant stimuli was �rst reported by Cherry (1953). His
subjects noticed changes in the voice delivering an un-
attended speech message to one ear while they were
attending to the speech message presented to the oppo-
site ear. Further evidence was provided by RTs to probe
stimuli in a secondary task (Dawson, 1990; Posner, 1978).
These RTs were prolonged when target stimuli were
preceded by unexpected, irrelevant changes in the re-
petitive stimuli delivered in the primary task, indicating,
according to the authors, that processing resources were
engaged by these stimulus changes occurring in the



primary task (Dawson, Fillion, & Schell, 1989; Fillion,
Dawson, Schell, & Hazlett, 1991; Siddle, 1991; Woodward,
Brown, March, & Dawson, 1991).

Involuntary attention shifts were originally explained
by the orienting-re�ex (OR) theory (Sokolov, 1963), pro-
posing that a neuronal model is built from the repetitive
features of the external environment, inhibiting the OR
to identical but not to different stimuli. Further, Öhman
(1979, 1992) proposed that a “call” for reallocation of
central processing resources is issued by preattentive
mechanisms detecting signi�cant changes in incoming
stimuli.

Attention switching can also be elicited by stimulus
onsets (regardless of repetition/change), in particular if
they appear after long “silent” intervals, and by offsets of
continuous stimulation (Folk, Remington, & Johnston,
1992; Gati & Ben-Shakhar, 1990; Hikosaka, Miyauchi, &
Shimojo, 1993; Öhman, 1979; Theeuwes, 1994; Yantis,
1993; Yantis & Hillstrom, 1994). According to Näätänen’s
(1990, 1992) model, stimulus onsets and offsets activate
a transient-detector system re�ected, in the auditory mo-
dality, in the supratemporal and nonspeci�c components
of the N1 wave, peaking at about 100 msec from stimu-
lus onset (Näätänen & Picton, 1987). The supratemporal
N1 component is generated by bilateral dipoles located
in the auditory cortices on the supratemporal plane
(Giard et al., 1994; Vaughan & Ritter, 1970), and its am-
plitude increases with an increasing interval from the
previous sound (Davis, Mast, Yoshie, & Zerlin, 1966; Hari,
Kaila, Katila, Tuomisto, & Varpula, 1982; Mäkelä, Hari, &
Leinonen, 1988; Ritter, Vaughan, & Costa, 1968). This
component is sensitive in particular to the transient
aspects of stimulation (Davis & Zerlin, 1966; McMillan,
1973; Pfefferbaum, Buchsbaum, & Gips, 1971), which
suggests that the neuronal process generating the su-
pratemporal N1 triggers an attention-capturing signal for
conscious perception of the stimulus (Näätänen, 1990,
1992). The nonspeci�c N1 component is even more
sensitive to interstimulus interval manipulations than the
supratemporal component (Näätänen & Picton, 1987),
and, in contrast to the supratemporal N1 component, it
can be elicited also by stimuli of other modalities (Leh-
tonen, 1973; Velasco & Velasco, 1986; Velasco, Velasco,
& Olvera, 1985). The function of the nonspeci�c N1
neural generators probably is to trigger a transient
arousal burst, facilitating sensory and motor responses to
the eliciting stimulus (Näätänen & Picton, 1987). How-
ever, Giard et al. (1994) described quite recently a frontal
subcomponent of the N1 wave. This subcomponent
might be a better candidate for the attention-switching
function originally attributed to the supratemporal-N1
generator.

The stimulus-change detector mechanism postulated
by the OR theory is represented in Näätänen’s (1990,
1992) model as the neuronal process generating the
mismatch negativity (MMN). The MMN, elicited by any
discernible change in the physical features of a repeti-

tive, even unattended, sound (e.g., Näätänen, 1992), is
generated mainly in the supratemporal auditory cortex
(for an overview, see Alho, 1995), as revealed by ERP-
source modeling (Giard et al., 1995; Giard, Perrin, Pernier,
& Bouchet, 1990; Scherg, Vajsar, & Picton, 1989), neuro-
magnetic data (Hari et al., 1984), and intracranial record-
ings in animals (Csépe, Karmos, & Molnár, 1987; Javitt,
Schroeder, Steinschneider, Arezzo, & Vaughan, 1992) as
well as in humans (Halgren, Baudena, Clarke, Heit, et al.,
1995; Kropotov et al., 1995). According to Näätänen’s
(1990, 1992) model, the physical features of auditory
stimuli are fully analyzed and encoded into neural traces
of auditory sensory memory, the MMN being automat-
ically elicited when the auditory input does not match
with the neuronal trace formed by the repetitive stan-
dard stimulus (Näätänen, Paavilainen, Alho, Reinikainen,
& Sams, 1989) while the trace still is in an “active” state
(Cowan, Winkler, Teder, & Näätänen, 1993). Further, the
model proposes that the MMN-generating process is in-
volved in triggering a signal for attention switching after
the automatic, preperceptual detection of auditory
change (Näätänen, 1990).

Converging evidence supports the notion that the
process generating the MMN may be associated with
involuntary attention switching. First, the MMN is of
preattentive nature because it does not depend on
whether the subject is engaged in an easy or a dif�cult
visual task (Alho, Woods, Algazi, & Näätänen, 1992; Dun-
can & Kaye, 1987).1 Second, in addition to its supratem-
poral generators, MMN appears to get a further
contribution from the frontal lobe activity (Giard et al.,
1990; Molnár, Skinner, Csépe, Winkler, & Karmos, 1995),
a critical structure for controlling both voluntary and
involuntary attention (Fuster, 1989). Third, the MMN
tends to be accompanied, especially in the beginning of
the stimulus sequence, by autonomous nervous system
(ANS) responses even when stimulus change is of very
small magnitude (Lyytinen, Blomberg, & Näätänen, 1992).
These autonomic responses indicate, apparently, atten-
tion switching triggered by the automatic change-detec-
tion process re�ected by the MMN.

The strongest evidence supporting the causal relation-
ship between the neural process generating the MMN
and involuntary attention switching was recently ob-
tained by Schröger (1996). He found that MMN-eliciting
deviant tones occurring in a repetitive sequence of stan-
dard tones presented to the unattended ear prolonged
the RT and decreased the performance accuracy to sub-
sequent target tones delivered to the other ear. This
effect was observed only for irrelevant tones preceding
target stimuli by a short interval of 200 msec, but not for
longer intervals of 560 msec, and was strengthened with
increasing frequency difference between the deviant
and standard tones. Both of these �ndings support the
functional role of the MMN-generating process in trigger-
ing this attention switch.

Another ERP component that has been associated
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with orienting of attention is the P3a. This positive com-
ponent is elicited by irrelevant rare tones and novel
sounds in a sequence of repetitive, standard tones and
can be distinguished from the P300 or P3b component
to target stimuli by its shorter latency and its more
frontal scalp distribution (Courchesne, Hillyard, & Galam-
bos, 1975; Ford, Roth, & Kopell, 1976; Squires, Squires, &
Hillyard, 1975). The association of the P3a-generating
process with the orienting response is supported by its
elicitation by widely deviant or novel sounds and also by
the frontal-lobe and hippocampal contributions to its
generation (Knight, 1984, 1996), these brain regions be-
ing involved also in the orienting response (Fuster, 1989;
Sokolov, 1975). The role of the P3a generator process in
involuntary engagement of attention is further sup-
ported by studies showing delayed RTs to target stimuli
following irrelevant novel sounds (Grillon, Courchesne,
Ameli, Geyer, & Braff, 1990; Woods, 1992). When novel
sounds occurred in the attended sequences containing
the target stimuli, the P3a elicited was larger in ampli-
tude as compared with the unattended-sequence P3a to
novel sounds, and the RT to consecutive targets was
delayed (Woods, 1992). This attentional modulation sug-
gests that the P3a re�ects an actual reorientation of
attention more closely than the MMN or the different
subcomponents of the N1, which would rather be asso-
ciated with the involuntary call for attention.

The purpose of the present experiment was to inves-
tigate the neural mechanisms of involuntary attention to
acoustic novelty and change by analyzing the ERP con-
comitants elicited by these irrelevant auditory events
during visual performance. In the main experimental
condition (Figure 1), the Auditory-Visual condition (AV),
a response was required to each visual stimulus of an
auditory-visual stimulus pair. Subjects were instructed to
ignore the auditory stimuli, which were a repetitive,
“standard” tone randomly replaced by a slightly higher
“deviant” tone (p = 0.1) or by a natural, “novel” sound
(p = 0.1) and to press a response button to even num-
bers and another to odd numbers. Two additional condi-
tions were used as controls: In the Visual-alone
condition (Va), the auditory stimuli were omitted, and
subjects performed the forced-choice visual RT task. In
the Auditory-alone  (Aa) condition, the visual stimuli
were omitted, and subjects were instructed to concen-
trate on reading a book.

RESULTS

Performance

In the Va condition, the mean hit rate was 91.5% (SEM ±
1.7%) and the mean RT was 461 ± 11 msec. Subjects
missed the target on an average 4.5% ± 1.6% of the
trials and pressed the wrong button in 4.0% ± 0.8% of
the trials.

Performance data in the Va and AV conditions are
shown in Figure 2. In the AV condition, subjects tended
to respond faster to visual stimuli preceded by a standard
tone than to those preceded by no sound (Va condition)
(444 ± 9 and 461 ± 11 msec, respectively), although this
effect did not quite reach statistical signi�cance (F(1,
9) = 3.8, p < 0.09). The hit, error, and miss rates were
similar in the Va condition and in the AV condition after
a standard tone. In the AV condition, the occurrence of
a deviant tone before the visual stimulus caused a sig-
ni�cant hit rate decrease of 2.3% (F(1, 9) = 6.50, p <
0.04), which was probably due to an increased number
of wrong responses to target stimuli (F(1, 9) = 4.78, p <
0.06; see Figure 2), the number of missing responses
being identical after standard and deviant tones. A novel
sound occurring before a visual stimulus caused an av-
erage increase of 17 msec in the RT to visual stimuli
compared with the RT to these stimuli that were pre-
ceded by standard tones (F(1, 9) = 22.19, p < 0.002). The
RT to visual stimuli after novel sounds was also sig-
ni�cantly longer than that to visual stimuli following
deviant tones (F(1,9) = 11.07, p < 0.009).

Figure 1. Experimental conditions. In the main condition [Auditory-
Visual (AV), top], pairs of stimuli, consisting of an auditory stimulus
followed at 300 msec (onset-to-onset) by a visual stimulus (an arabic
number between 1 and 8), were presented with an interpair interval
of 1200 msec. The auditory stimulus was either a standard tone
(80%), a deviant tone (10%), or a novel sound (10%). Subjects were
instructed to press one response button to odd (50%) and the other
to even (50%) numbers and to ignore auditory stimulation. In the
Visual-alone (Va) condition, the auditory stimuli were omitted. In the
Auditory-alone (Aa) condition, the visual stimuli were omitted, the
subject being instructed to read a self-selected book and to ignore
the auditory stimuli.
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Auditory ERPs

In the Aa condition, standard tones elicited N1 (mean
peak amplitude - 2.0 m V at Cz, with a mean peak latency
of 93 msec) and P2 de�ections (3.4 m V, 158 msec; at Cz),
which were largest over the fronto-central scalp loca-
tions (Figure 3a). Deviant tones elicited N1 and P2 waves
at latencies similar to those in response to standard
tones and the mismatch negativity (MMN). The MMN

was largest over the frontal electrodes (mean peak am-
plitude - 2.2 m V, mean peak latency 153 msec at Fz) and
inverted in polarity at the mastoid electrodes (Figure 3b),
being signi�cantly different from zero at F3, Fz, and F4
in the intervals 100 to 150 msec (F(1, 9) = 10.31, p <
0.02) and 150 to 200 msec (F(1, 9) = 5.63, p < 0.05). The
MMN was followed by a smaller, fronto-centrally distrib-
uted negative wave, peaking at around 400 msec (Figure
3b). Mean amplitude comparisons between ERPs to de-
viant and standard tones at Fz and Cz revealed that this
second negativity was signi�cant in the 350- to 400-msec
(F(1, 9) = 7.56, p < 0.03) and in the 400- to 450-msec
(F(1, 9) = 8.73, p < 0.02) intervals. In the AV condition,
the MMN was similar to that obtained in the Aa condition
(Figure 4).

In the Aa condition, novel sounds elicited an ERP
characterized by a prominent N1 de�ection (mean peak
amplitude at Cz - 5.6 m V; peak latency 96 msec) and by
a long-duration, broadly distributed P3a wave (Figure 3;
as seen in Figure 3b, even the deviant tones elicited
some P3a). The novel-sound N1 was larger than the
standard-tone N1 (F(1, 9) = 10.99, p < 0.01) and was
probably composed of overlapping N1 and MMN com-
ponents. The difference between the standard-tone and
novel-sound ERPs extended beyond the N1 latency
range, there being a signi�cant difference at Fz between
the standard and novel ERP amplitudes measured as
mean voltages over 120 to 160 msec latency window
(F(1, 9) = 5.23, p < 0.05; Figure 5).

The present P3a to novel sounds had a double peak
over the frontal scalp locations (Figure 3b), suggesting
two different subcomponents. The early part of the P3a
(peak latency 230 msec in the grand-mean ERP at Fz)
was largest over the central scalp areas, appearing with
inverted polarity at lateral and posterior scalp sites (Fig-
ures 3b and 5). The late part of the P3a (peak latency
315 msec in the grand-mean ERP at Fz) in turn was
largest over frontal areas and did not show polarity
inversion at any recording site (Figures 3b and 5). The
different scalp distributions of the two P3a subcompo-
nents in the Aa condition are shown in Figure 6 (top).

The component structure of the P3a de�ection was
evaluated by means of two different analyses of variance
(ANOVA) for normalized ERP amplitudes (McCarthy &
Wood, 1985). First, an ANOVA was performed to prove a
possible scalp-distribution difference between the P2 to
standard tones and the early P3a to novel sounds. Then,
another ANOVA was performed to con�rm the different
scalp distributions of the two subcomponents of the P3a.
The P2 amplitude was identi�ed as the mean voltage
between 150 and 200 msec from stimulus onset in the
standard-tone ERP. The early P3a was measured as the
mean voltage between 175 and 275 msec in the differ-
ence wave obtained by subtracting the ERP to the stan-
dard tone from that to the novel sound. The late P3a was
measured as the mean voltage between 275 and 375
msec of the same difference wave. A three-factor design

Figure 2. Mean RT (top panel), hit rate (middle panel), and error
rate (bottom panel) in the Visual-alone (Va) condition and in the
Auditory-Visual (AV) condition to the visual stimulus occurring after
the standard tone (std.), the deviant tone (dev.), or the novel sound
(nov.). The bars indicate the standard error of mean.
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was used for both analyses: Wave (P2 versus early P3a
for the �rst analysis and early P3a versus late P3a for the
second analysis) ´  Frontality (F7, F3, Fz, F4, F8 versus T3,
C3, Cz, C4, T4 versus T5, P3, Pz, P4, T6) ´  Laterality (F7,
T3, T5 versus F3, C3, P3 versus Fz, Cz, Pz versus F4, C4,
P4 versus F8, T4, T6). The results of the �rst analysis
revealed a signi�cant Wave ´  Frontality interaction (F(2,
18) = 5.09, p < 0.03, e  = 0.7547), due to the early P3a
being posterior to the P2, and a signi�cant Wave ´
Laterality interaction (F(4, 36) = 4.06, p < 0.03, e  =
0.5469), due to the more predominantly right-hemi-
spheric scalp distribution of the P2 than that of the early
P3a. The results of the second analysis revealed that the
late P3a was anterior in distribution to the early P3a
(signi�cant Wave ́  Frontality interaction, F(2, 18) = 9.39,
p < 0.006, e  = 0.7187) and, further, that the late P3a was
more preponderant over the right hemisphere than the

early P3a (signi�cant Wave ´  Laterality interaction,
F(4, 36) = 12.07, p < 0.0002, e  = 0.5740). The second
analysis also revealed a signi�cant third-order interaction
(Wave ´  Frontality ´  Laterality, F(8, 72) = 8.98, p <
0.0004, e  = 0.3441) that was due to the predominantly
right-frontal distribution of the late phase of the P3a
de�ection (Figure 6, top).

In the AV condition, novel sounds elicited ERPs similar
to those elicited by them in the Aa condition (large N1
and P3a de�ections), although the early peak of the P3a
seemed to be partly abolished at frontal electrodes (Fig-
ure 7). However, difference waves (ERP to novel sounds
minus ERP to standard tones) revealed that the early
phase of the P3a was similar in the Aa and AV conditions,
whereas the late P3a was enhanced in the AV condition
(Figure 7). The statistical scalp-distribution analyses of
the two P3a phases across the conditions [ANOVA, with

Figure 3a.  Grand-mean ERPs
averaged across subjects to
standard tones (600 Hz), devi-
ant tones (700 Hz), and novel
sounds in the Auditory-alone
(Aa) condition.
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four factors: Condition (Aa versus AV) ´  Wave (early P3a
versus late P3a) ´  Frontality ´  Laterality] con�rmed the
scalp-distribution difference between the two P3a
phases (Wave ´  Frontality interaction, F(2, 18) = 9.96,
p < 0.003, e  = 0.8361; Wave ´  Laterality, F(4, 36) = 6.88,
p < 0.02, e  = 0.3977; Wave ´  Frontality ´  Laterality,
F(8,72) = 9.81, p < 0.0001, ´  = 0.4381) and also revealed
a signi�cant increase of the late P3a amplitude over the
right hemisphere in the AV condition (Wave ´  Condi-
tion ´  Laterality, F(4, 36) = 3.84, p < 0.04, e  = 0.5367).

Visual ERPs

Visual stimuli in the Va condition and those after stan-
dard tones in the AV condition elicited almost identical
ERPs characterized by P1, N1, P2, N2, and P3 de�ections
(Figure 8). ANOVA for these visual ERP components with

Condition (after standard in AV versus Va) as a function
revealed no signi�cant effects of standard tones on visual
ERPs.

Figure 9 shows grand-average ERPs to auditory-visual
stimulus pairs in the AV condition. The AV stimulus pairs
elicited an auditory ERP, lasting up to 400 msec post-
stimulus for novel sounds and up to 300 msec post-
stimulus for deviant tones, followed by a visual ERP
similar to that obtained in the Va condition. All three
types of AV stimulus pairs (standard-visual, deviant-visual,
novel-visual) were also characterized by a long-lasting
fronto-polar negativity that was larger to visual stimuli
following novel sounds than to those following standard
or deviant tones (Figure 9). ANOVA for mean amplitudes
at Fp1 and Fp2 in consecutive 100-msec latency win-
dows yielded signi�cant effects for the novel-standard
comparison (F(1, 9), ranging from 7.79 to 11.96; p < 0.03

Figure 3b. Grand-average dif-
ference waves obtained in the
Aa condition by subtracting
the ERP to standard tones
from that to deviant tones
(continuous line) and to
novel sounds (dashed line).
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in all cases) at latency windows 200 to 300 msec, 300
to 400 msec, and 400 to 500 msec from visual-stimulus
onset.

Novel sounds and deviant tones enhanced the frontal
N2 de�ection elicited by the subsequent visual stimulus
in comparison with the visual N2 elicited after standard
tones (Figure 9). This was revealed by two-way ANOVAs
using the Electrode (F3, Fz, F4) and the auditory Stimulus
(standard versus either deviant or novel) as factors. The
mean amplitude in the 200- to 300-msec range from
visual-stimulus onset at Fz was - 1.9 m V after standard
tones, - 3.3 m V after deviant tones (F(1, 9) = 6.41, p <
0.04), and - 3.6 m V after novel sounds (F(1, 9) = 8.99, p
< 0.02). The mean amplitude in the 300- to 400-msec
interval was also signi�cantly larger for visual stimuli
following deviant tones or novel sounds than for those
following standard tones: F(1, 9) = 8.15, p < 0.02 for

deviant versus standard; F(1, 9) = 7.95, p < 0.01 for novel
versus standard.

Preceding novel sounds and deviant tones also en-
hanced the terminal slope of the visual P3b (Figure 9);
this was revealed by the signi�cantly larger mean ampli-
tude of the 500- to 600-msec latency window (at P3, Pz,
and P4) in the ERP to visual stimuli following deviant
tones than in the ERP to visual stimuli following standard
tones (F(1,9) = 15.56, p < 0.04). The mean amplitude in
the 400- to 500-msec (F(1, 9) = 6.94, p < 0.03) and 500-
to 600-msec (F(1, 9) = 11.99, p < 0.008) intervals was

Figure 4. The MMN was similar in the Auditory-alone (Aa) and
Auditory-Visual (AV) conditions, as revealed by nonsigni�cant differ-
ences of the mean amplitude of �ve consecutive 50-msec intervals
starting at MMN onset (50 msec) [two-way ANOVAs: Condition (Aa
versus AV) ´  Electrode (F3, Fz, F4, C3, Cz, C4)]. Top: Grand-average
ERPs to standard and deviant tones at Fz in the two conditions.
Bottom: Deviant-standard difference waves.

Figure 5. The component structure of the ERPs to deviant tones
and novel sounds, as revealed by the deviant-standard and novel-stan-
dard difference waves at Fz and right-mastoid (RM) recordings. Devi-
ant tones elicited the MMN with a peak latency of 150 msec at Fz
and with an inverted polarity at RM (top). Novel sounds elicited a
large N1 de�ection at Fz that was presumably composed of contribu-
tions from two different processes, for which the signi�cant differ-
ences between the standard-tone and novel-sound ERPs extended
beyond the N1 latency range (bottom). The novel sounds also elic-
ited a P3a wave with two peaks at Fz, suggesting two different sub-
components contributing to the recorded P3a: an early P3a (peak
latency 230 msec), which inverted polarity at RM and other poste-
rior and lateral sites, and a late P3a (peak latency, 315 msec), which
inverted polarity at no recording site.
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also signi�cantly larger for visual stimuli following novel
sounds than after those following the standard tones.

DISCUSSION

Engagement of Attention During Visual
Performance

The present results provide evidence that attention dur-
ing visual performance can be engaged by shortly pre-
ceding unexpected novel sounds or small changes in the
task-irrelevant acoustic environment. These results also
revealed that this phenomenon depends on the intrinsic
nature of the eliciting acoustic events. In addition, the

observed effects on visual performance were associated
with different patterns of neural events activated by
deviant tones and novel sounds, as re�ected by the
component structure of the auditory ERPs elicited.

As expected, novel sounds prolonged the RT to suc-
cessive visual stimuli. This result is in agreement with the
extensive literature reporting delayed RTs to target stim-
uli caused by preceding irrelevant sound changes or
novels sounds (Alho et al., 1992; Cherry, 1953; Dawson
et al., 1989; Fillion et al., 1991; Grillon et al., 1990;
Schröger, 1996; Woods, 1992; Woodward et al., 1991), and
it provides experimental support for the everyday expe-
rience that attention can be engaged by irrelevant acous-
tic events.

Figure 6. The scalp distribu-
tion of the P3a to novel
sounds. Left: early P3a; right:
late P3a; top: Auditory-alone
(Aa) condition; bottom: Audi-
tory-Visual (AV) condition. The
central plot shows the novel-
standard difference waves at
Fz in the Aa (thin) and AV
(thick) conditions, as well as
the 100-msec latency win-
dows used to measure the
two phases of the P3a (e =
early P3a; l = late P3a).
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A surprising �nding of this study was, however, that
the slightly deviant tones degraded the visual perfor-
mance accuracy by decreasing the rate of hit responses,
whereas the widely deviant novel sounds did not. It was
expected that the amount of distraction caused by devi-
ant tones and novel sounds would be proportional to
the magnitude of their deviance from the standard tone,
and indeed such an effect was found for the RT (17-msec
increase after novel sounds), con�rming other recent
�ndings (Jääskeläinen et al., 1996; Schröger, 1996). How-
ever, this RT effect was not paralleled by a similar effect
on the hit rate. Indeed, deviant tones were associated
with a lower hit rate, whereas the hit rate after novel
sounds was similar to that after standard tones. Similar
results were obtained in a related study by Jääskeläinen
et al. (1996) and recently replicated for deviant tones
(Alho, Escera, Díaz, Yago, & Serra, 1997). These �ndings
suggest that the distracting effects of an irrelevant acous-
tic event on visual performance may depend on the
nature of the eliciting sound. That is, obtrusive novel
sounds appear to cause a stronger effect on the RT to
successive visual target stimuli than minor changes in
the acoustic stream, but in contrast, these minor changes

seem to cause a signi�cant decrement in the number of
hit responses to visual targets not observed after the
novel sounds.

The differential effects of distracting novel and deviant
sounds on visual performance may be explained by trac-
ing these behavioral effects back to the associated neural
events, as re�ected by ERPs. Novel sounds enhanced the
N1 amplitude and elicited the MMN, as suggested by
signi�cant differences between the standard-tone and
novel-sound ERP that extended over the N1 latency
range. The present MMN to novel sounds peaked and
terminated (returned to baseline) earlier than the MMN
to deviant tones, in concordance with previous studies
showing that with larger deviances MMN becomes ear-
lier (Tiitinen, May, Reinikainen, & Näätänen, 1994), over-
lapping the N1 peak for wider deviances (Tiitinen et al.,
1994; Scherg et al., 1989). The present MMN to novel
sounds is also supported by recent magnetoencepha-
lograph (MEG) data showing that novel sounds activated
an MMN source in the human auditory cortex (Alho
et al., 1998). Thus, for novel sounds, the attention-switch-
ing signal was probably triggered by a combined re-
sponse of the transient-detector system re�ected in the
supratemporal N1 (Näätänen, 1990, 1992; Näätänen &
Picton, 1987), or some other N1 component, such as the
frontal N1 reported by Giard et al. (1994), and the stimu-
lus-change detector system re�ected in the MMN
(Näätänen, 1990, 1992). This combined signal for atten-
tion capture started with the N1 generation and was
overlapped by the MMN process, resulting in an effective
attentional reorientation as re�ected by the subsequent
large P3a wave and the clearly delayed RT to the follow-
ing visual targets.

Figure 7. Grand-average ERPs to standard tones and novel sounds
in the Auditory-alone (Aa, left column) and Auditory-Visual (AV, right
column) conditions. The novel-standard difference waves are shown
in the middle column. The late P3a was larger in the AV condition
than in the Aa condition, whereas the early P3a was of similar ampli-
tude in the two conditions.

Figure 8. Grand-average visual ERPs at Pz, O1, and O2 in the Visual
alone (Va) condition and in the Auditory-Visual (AV) condition after
standard tones.
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Deviant tones, in turn, elicited a distinct MMN, which
was followed by a small P3a wave and by a second
negative peak (Figure 5). Thus, the neural mechanism
responsible for triggering the attention-switching signal
was based, for deviant tones, on the stimulus-change
detector system re�ected in the MMN (Näätänen, 1990;
1992; Schröger, 1996). This attention capture signal asso-
ciated with the MMN was sporadically followed by an

orienting of attention, as suggested by the small (aver-
aged) P3a and also by the 2.3% hit rate decrease to visual
targets that followed deviant tones.

Although the subjects were instructed to ignore the
auditory stimuli in the AV condition, the RT to visual
targets following standard tones was slightly (insig-
ni�cantly) shorter than the RT in the Va condition with
no auditory stimuli. This suggests that the auditory stim-

Figure 9. Grand-average
ERPs in the Auditory-Visual
(AV) condition to standard-
visual (thin line), deviant-
visual (thick line), and
novel-visual (dashed line)
stimulus pairs. Only the most
relevant electrodes are shown.
The epoch starts 100 msec be-
fore auditory-stimulus onset,
which was used as the base-
line period, to avoid the large
amplitude variability due to
the auditory response in the
100 msec preceding the vis-
ual stimulus. Novel sounds en-
hanced the fronto-polar
negativity, and the frontal N2
to visual stimuli was en-
hanced after novel sounds
and deviant tones, which also
affected the offset slope of
P3b. Notice that whereas the
traces for standard-visual, devi-
ant-visual, and novel-visual
stimulus pairs perfectly match
each other during the onset
slope of the P3b, they start to
differ from the P3b peak for
the novel-visual stimulus pair
and about 100 msec later for
the deviant-visual stimulus
pair (see P3, Pz, P4).
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uli were used as warning signals for the following visual
targets, and thus, attention may have been bimodal in the
AV condition. However, because the occurrence of an aud-
itory stimulus change or a novel sound was task-irrelevant
and unpredictable to the subjects, attention was involun-
tarily engaged by these events. In a more controlled
experiment, attention was more effectively withdrawn
from the auditory stimuli, and their occurrence was made
noninformative by the simultaneous presentation of a
visual cue stimulus informing about the successive ap-
pearance of a visual target (Alho et al., 1997). Like in the
present study, a decreased hit rate for visual stimuli that
followed MMN- and P3a-eliciting deviant tones was found.
This con�rms the involuntary nature of the attention-
switching mechanism indicated by the MMN, P3a, and
deterioration of the visual-task performance.

Component Structure of the P3a to Novel Sounds

In both the Aa and AV conditions, novel sounds elicited
a large, long-lasting, and broadly distributed P3a wave,
with a double peak at Fz (in the Aa condition), suggesting
a contribution of two different subcomponents. The
early part of this P3a had a peak latency of 230 msec
and showed a centrally dominant scalp distribution that
was similar in the Aa and AV conditions (Figure 6). The
early P3a inverted in polarity at posterior and lateral
electrodes (Figures 3b and 5), suggesting bilateral gener-
ators located in the vicinity of the temporal and parietal
lobes (cf. Scherg & von Cramon, 1986). The late part of
the P3a, in turn, had a peak latency of 315 msec and did
not invert in polarity at posterior electrodes, and its scalp
distribution was centered over the right frontal areas. In
contrast to the early P3a, the late P3a was enhanced in
the AV condition, particularly over the right hemisphere
(Figure 6), when subjects apparently used auditory stim-
uli as warning signals to prepare for visual targets.

The component structure of the present P3a, and the
scalp distribution of the two subcomponents, is in agree-
ment with previous results in patients with brain lesions,
suggesting a critical role of the temporal-parietal junc-
tion in the generation of the auditory (Halgren, Baudena,
Clarke, Heit, Marinkovic, et al., 1995; Halgren, Baudena,
Clarke, Heit, Liégeois, et al. 1995; Knight, Scabini, Woods,
& Clayworth, 1989), somatosensory (Yamaguchi &
Knight, 1991, 1992), and visual P3a (Knight, 1991, 1997).
It is also compatible with results suggesting a frontal
contribution to P3a such as those obtained in patients
with frontal lesions (Knight, 1984), in topographical
analysis (Friedman & Simpson, 1994; Friedman, Simpson,
& Hamberger, 1993), in dipole-source modeling (Meck-
linger & Ullsperger, 1995), and in intracerebral record-
ings in humans (Baudena, Halgren, Heit, & Clarke, 1995).

The late P3a amplitude in the AV condition was en-
hanced with regard to its amplitude in the Aa condition.
This amplitude enhancement of the late P3a re�ects an

attentional monitoring of auditory stimuli in the AV con-
dition, these stimuli being used as warning signals for the
following visual targets. The attentional modulation of
the P3a amplitude is in agreement with that reported in
previous studies (Holdstock & Rugg, 1995; Woods, 1992)
and suggests that the late P3a may more closely re�ect
an actual orienting of attention than the involuntary N1
and MMN processes triggering this attentional orienting.
Also, several other �ndings support the association of the
late phase of the P3a with the actual reorientation of
attention or orienting response. First, the right-frontal
dominance in the late P3a scalp distribution observed in
the present experiment agrees with �ndings suggesting
the involvement of right-frontal areas in the reorienta-
tion of attention (Fuster, 1989; Mesulam, 1981). Second,
it has been shown that the P3a amplitude is attenuated
with the repetition of the eliciting novel event
(Courchesne, 1978; Friedman & Simpson, 1994; Knight,
1984). This habituating behavior is a characteristic fea-
ture of the orienting response (Öhman, 1979, 1992; Sok-
olov, 1963).

The early P3a was insensitive to attentional manipula-
tions, as it was to similar amplitude and scalp distribution
in the Aa and AV conditions. Its peak latency was rather
short (230 msec), and its scalp distribution suggests
neural generators probably located in the temporal-
parietal cortex (Knight, 1991, 1997; Knight et al., 1989;
Yamaguchi & Knight, 1991). Thus, the early P3a might
re�ect a neural process other than attentional reorienta-
tion, such as the violation of a polisensorial model of the
external world maintained in the temporal-parietal asso-
ciation cortex (Yamaguchi & Knight, 1991).

Conclusions

The results reported in the present paper support the
notion of two different brain mechanisms of involuntary
attention, differentially activated by different acoustic
events. The ERP component structure to novel sounds
suggests that unexpected novelty in the acoustic envi-
ronment involuntary captures attention by simultane-
ously activating two different neural mechanisms: a
transient-detector mechanism associated with the su-
pratemporal N1 component of the auditory ERPs and a
change-detector mechanism re�ected in the MMN. Pre-
sumably, the attention-switching signal generated by the
combined activation of these two mechanisms resulted
in an effective engagement of attention, as indicated by
the large P3a component elicited by the novel sounds
and the increased RT to subsequent visual targets. Devi-
ant tones, in turn, resulted in different behavioral effects
and ERP component structure, which was characterized
by the MMN. This supports the notion that small changes
in the acoustic environment capture attention involun-
tarily by activating the stimulus-change detector mecha-
nism re�ected in the MMN.
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METHODS

Subjects, Stimuli, and Procedure

Ten right-handed paid students (21 to 40 years, 3 males)
with normal hearing and normal or corrected-to-normal
visual acuity participated in the experiment. Two further
subjects were discarded due to their inability to reach
the required 90% hit rate in a practice session.

Subjects were presented with four blocks of 400
stimulus pairs (AV condition) in a visual forced-choice
RT task. Each pair consisted of an auditory stimulus
followed after 300 msec (onset-to-onset) by a visual
stimulus. The interpair interval (onset-to-onset) was 1.2
sec (Figure 1). The auditory stimuli were either standard
or deviant tones, and novel sounds, presented in random
order with probabilities of 0.8, 0.1, and 0.1, respectively.
The standard and deviant tones were sinusoidal tone
bursts of 200-msec duration including 10-msec rise and
fall times, presented binaurally at 75 dB SPL through
headphones, with respective frequencies of 600 and 700
Hz. Sixty different environmental sounds, such as those
produced by a drill, hammer, rain, door, telephone ring-
ing, etc., were used as novel sounds. They were digitally
recorded, then low-pass �ltered at 10,000 Hz, and edited
to have a duration of 200 msec, including rise and fall
times of 10 msec, and an intensity maximum of 70 to 80
dB SPL. Each different novel sound occurred only once
within a stimulus block and was presented twice or
three times during the whole experiment. Both deviant
tones and novel sounds were always preceded by at least
one AV pair containing a standard tone. The visual stimuli
were the digits 1 to 8 presented one at a time in random
order on a computer screen for 200 msec. They sub-
tended a vertical angle of 1.7° and a horizontal angle of
1.1° (30 mm ´  20 mm; 100 cm from the subject’s eyes).

Subjects were comfortably seated in a reclining chair
in a dimly lit, electrically and acoustically shielded room.
They were instructed to focus on the small �xation cross
appearing in the middle of the screen and to press one
response button with the right index �nger for odd
numbers and another button with the right middle
�nger for even numbers. Subjects were also instructed
to ignore the auditory stimulation. Both speed and accu-
racy were emphasized for the primary visual task.

In two further conditions, visual stimuli were omitted
(Va condition; Figure 1) or auditory stimuli were omitted
(Aa condition; Figure 1). In the Va condition, subjects
received three blocks of 200 visual stimulus each, the
instruction being identical to that in the AV condition. In
the Aa condition, subjects were instructed to concen-
trate on reading a self-selected book and to ignore the
auditory stimulation.

The Aa and AV blocks were presented in an alternating
order, with half of the subjects starting with the AV
condition. The Va blocks were presented one at the
beginning, one at the middle, and one at the end of the

experiment. Before the experimental blocks, subjects
participated in a practice session consisting of two Va
blocks. They were required to reach a 90% hit rate before
the experiment could start. Two out of 12 subjects failed
to reach this level even after several additional blocks
and were �nally discarded.

EEG Recording and Averaging

The electroencephalogram (EEG) (bandpass 0–100 Hz)
was continuously digitized at a rate of 500 Hz by a
SynAmps ampli�er (NeuroScan, Inc.) from 19 scalp elec-
trodes positioned according to the 10–20 system: Fp1,
Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6,
O1, and O2. One additional electrode was placed at the
right mastoid (RM) and another at the left mastoid (LM).
The horizontal EOG was recorded with electrodes at-
tached to the left and right canthi. The vertical elec-
trooculogram (EOG) was assessed using recordings from
Fp1 and Fp2 electrodes. The common reference elec-
trode was placed on the tip of the nose.

ERPs were averaged off-line for each auditory stimulus
class, for an epoch of 1300 msec including a preauditory
stimulus period of 100 msec, in the AV and Aa conditions.
In the Va condition, an ERP was also obtained for an
epoch of 1300 msec, including a previsual stimulus pe-
riod of 400 msec. Epochs in which the EEG or EOG
exceeded ±100 m V, as well as the �ve �rst epochs of each
block, were automatically excluded from averaging. In
the Aa and AV conditions, standard-tone trials immedi-
ately following deviant-tone or novel-sound trials were
also excluded from the averages. Individual ERPs were
band-pass �ltered between 0.01 and 30 Hz.

Data Analysis

In the AV and Va conditions, a correct button press
within 800 msec after visual-stimulus onset was regarded
as a hit, the mean RT being computed only for the hit
trials. An incorrect button press during this period was
classi�ed as an error, and trials with no response within
this time window were considered misses. Hits, errors,
misses, and RTs were computed across odd and even
numbers.

Auditory ERP amplitudes (N1, P2, MMN, and P3a) were
referred to the mean amplitude in the 100-msec baseline
period preceding the auditory stimulus in both the Aa
and AV conditions. For auditory ERP analysis, each indi-
vidual waveform in the Aa and AV conditions was linearly
detrended over an epoch of 600 msec (including base-
line) to remove any possible asymmetrical contribution
to EEG caused by slow EOG movements due to reading
in the Aa condition. The effects of the standard tones on
the visual ERPs were analyzed at O1 and O2 for peaks
as follows (identi�ed in the individual waveforms within
the speci�ed latency ranges): P1: 75 to 140 msec; N1: 100
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to 200 msec; P2: 180 to 280 msec; N2: 225 to 350 msec.
The visual P3b was identi�ed at Pz between 300 and 500
msec from visual-stimulus onset. For this analysis, visual
ERP amplitudes were measured against the mean ampli-
tude of the 100-msec baseline preceding visual-stimulus
onset. The fronto-polar negativity was analyzed at Fp1
and Fp2, the visual frontal N2 at F3, Fz, and F4, and the
visual P3b at P3, Pz, and P4. The amplitude measurements
for visual ERP components in the AV condition were
referred to the 100-msec preauditory stimulus baseline
rather than to the 100-msec previsual stimulus baseline,
which was differentially affected by standard tones, de-
viant tones, and novel sounds (see Figure 9).

The ERP and performance data were statistically ana-
lyzed by ANOVA with repeated measures. Where appro-
priate, nominal degrees of freedom and epsilon values
after the Greenhouse-Geisser correction are reported.
Scalp-distribution analyses were performed after normal-
izing ERP amplitudes to prevent amplitude differences
between different components from washing out the
genuine scalp-distribution differences. This normalization
was done by dividing the amplitude at each electrode
by the sum of the squared amplitudes at all electrodes
(McCarthy & Wood, 1985).
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Note

1. The MMN amplitude in the unattended channel can be,
however, attenuated under some conditions by strongly focus-
ing attention on other sources of auditory stimulation
(Näätänen, 1991; Näätänen, Paavilainen, Tiitinen, Jiang, & Alho,
1993; Oades & Dittmannbalcar, 1995; Trejo, Ryan-Jones, & Kra-
mer, 1995; Woldorff, Hackley, & Hillyard, 1991).
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