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Abstract
To investigate the cross-modal nature of the exogenous attention system, we studied how involuntary attention in
the visual modality affects ERPs elicited by sudden onset of events in the auditory modality. Relatively loud auditory
white noise bursts were presented to subjects with random and long inter-trial intervals. The noise bursts were either
presented alone, or paired with a visual stimulus with a visual to auditory onset asynchrony of 120 ms. In a third
condition, the visual stimuli were shown alone. All three conditions, auditory alone, visual alone, and paired
visualrauditory, were randomly inter-mixed and presented with equal probabilities. Subjects were instructed to fixate
on a point in front of them without task instructions concerning either the auditory or visual stimuli. ERPs were
recorded from 28 scalp sites throughout every experimental session. Compared to ERPs in the auditory alone
condition, pairing the auditory noise bursts with the visual stimulus reduced the amplitude of the auditory N100
component at Cz by 40% and the auditory P200rP300 component at Cz by 25%. No significant topographical change
was observed in the scalp distributions of the N100 and P200rP300. Our results suggest that involuntary attention to
visual stimuli suppresses early sensory ŽN100. as well as late cognitive ŽP200rP300. processing of sudden auditory
events. The activation of the exogenous attention system by sudden auditory onset can be modified by involuntary
visual attention in a cross-model, passive prepulse inhibition paradigm. 䊚 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Several major functional differences have led
to the distinction of two attention systems, an
exogenous system and an endogenous system
U
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ŽBriand and Klein, 1987; Posner, 1980; Posner
and Cohen, 1984.: reflexive vs. voluntary ŽJonides
and Yantis, 1988; Nakayama and Mackeben,
1989., large vs. small cuing effects ŽJonides, 1981;
Henderson, 1991., faster vs. slower action ŽMuller
¨
and Rabbitt, 1989; Cheal and Lyon, 1991., differences in inhibition of return ŽPosner and
Cohen, 1984., and different mechanisms of attention ŽLu and Dosher, 2000.. The existence and
function of the exogenous attention system is
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perhaps best demonstrated in the phenomenon of
attention capture ᎏ abrupt onset of a stimulus
improves human response to the stimulus itself or
stimuli in its spatio-temporal proximity ŽJonides
and Yantis, 1988; Kilgard and Merzenich, 1995;
McDonald and Ward, 1999; Nakayama and
Mackeben, 1989; Spence and Driver, 1994, 1996;
Yantis and Jonides, 1984.. For example, Jonides
and Yantis Ž1988. demonstrated that the detection of a visual target was markedly enhanced
when the target was presented as an abruptly
onset character embedded among other characters whose presentation was not characterized by
abrupt onset, even though differences in stimulus
luminance and hue did not lead to the same
effect.
In event related potential ŽERP. studies, attention effects have been documented in the visual
modality ŽVan Voorhis and Hillyard, 1977; Harter
and Previc, 1978; Eason, 1981; Eimer, 1993, 1994;
Hopfinger and Mangun, 1998; Luck et al., 1994;
Mangun and Hillyard, 1991; McDonald et al.,
1999., in the auditory modality ŽNaatanen,
1967;
¨¨ ¨
Picton et al., 1971; Hillyard et al., 1973; Schroger,
¨
1993, 1994; Schroger
¨ and Eimer, 1993, 1997., and
across the two modalities ŽAlho et al., 1994, 1992;
Eimer and Schroger,
1998; Hillyard et al., 1984;
¨
Luo and Wei, 1999; McDonald and Ward, 2000;
Teder-Salejarvi
¨ ¨ et al., 1999; Woods et al., 1992..
Whereas prior cross-modal ERP studies have addressed voluntary attention orienting ŽEimer and
Schroger,
1998; Hillyard et al., 1984; Teder¨
Salejarvi
¨ ¨ et al., 1999; Woods et al., 1992. or the
effects of involuntary attention in one modality
Žnon-predictive auditory cues. on voluntary attention in another modality Ži.e. visual ERP; McDonald and Ward, 2000., we studied whether and
how involuntary attention in the visual modality
affects ERPs elicited by sudden onsets of events
Žinvoluntary attention . in the auditory modality.
Although results from previous behavior studies suggest that visual warning Žinvoluntary attention. does not facilitate auditory task performance ŽPosner et al., 1978; Spence and Driver,
1994, 1997; but see Ward, 1994., ERPs may provide a more sensitive measure of the effectŽs. of
involuntary visual attention on auditory processing. To maximally engage the exogenous attention

system to auditory stimuli, we adopted procedures
from the studies of prepulse inhibition of the
acoustic startle eyeblink Žsee reviews in Dawson
et al., 1999; Filion et al., 1998.. Relatively loud
and short auditory white noise bursts were presented to subjects at random with long inter-trial
intervals. Each noise burst was either presented
alone, or preceded by the sudden onset of a visual
stimulus. In a third condition, the visual stimuli
were presented alone. All three conditions, auditory alone, visual alone, and paired auditory and
visual, were randomly inter-mixed and occurred
with equal probabilities. We compared the amplitudes and topographies of the N100 and
P200rP300 ERP components elicited by the noise
bursts in the auditory alone condition with those
in the paired visualrauditory condition. If attention to the auditory modality could be distracted
by the sudden onset of visual events, the auditory
ERP generated by the noise bursts may be
changed in three different ways in the paired
visualrauditory condition when compared with
the auditory alone condition: Ž1. The auditory
noise burst, when paired with the visual stimulus,
may excite different neuronal populations, thereby
causing changes in the auditory ERP spatial topography. Ž2. A global reduction of auditory ERP
amplitude ᎏ i.e. when the auditory stimulus is
paired with the visual stimulus, auditory ERP
amplitude is decreased uniformly. Ž3. A combination of global amplitude reduction and a shift in
spatial topography. The current experiment tested
all these possibilities.

2. Method
2.1. Participants
Subjects were graduate students at the University of Southern California and were compensated
for their participation in the experiment. Written
informed consent was obtained from all ten subjects. Data from three subjects were eliminated
due to equipment problems during data collection. Data from seven subjects, five male and two
female, average age 23.6 Žrange 22᎐27., were
included in all analyses.
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2.2. Experimental stimuli
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The auditory stimulus consisted of a 104 dB
white noise pulse, 40 ms in duration, gated to
near instantaneous riserfall time and generated
by a Grason-Stadler 901B noise generator. The
stimulus was presented binaurally through Telephonics TDH-49P headphones and controlled by
a 386 computer with a Metrabyte DA-16
AnalogrDigital board and running a custom program written in C.
At a viewing distance of 140 cm, the visual
stimulus was a 22.2⬚= 15.1⬚ neutral slide of black
vertical bars on a white background. It was presented for one second by a Kodak Ektapro 7000
slide projector, housed in a sound-proof chamber
and controlled by the same computer and program mentioned above. The noise from the operation of the slide projector was inaudible to the
subject.
In the paired presentation condition, the onset
asynchrony of the visual and auditory stimuli was
120 ms. The particular SOA was selected to maximally engage the exogenous attention system to
the sudden onset of the visual stimulus when the
auditory stimulus occurs ŽCheal and Lyon, 1992..
The cross-modal design was chosen because it
minimizes confounding effects of within-modality
cortical cross-talks and refractory processes.

and noise bursts were presented. They were not
required to perform any task.
EEG was recorded from 28 electrodes using a
linked-ear reference and placed according to the
10᎐20 international system and standardized by
the use of an electrode cap ŽElectro-Cap International.. EOG was recorded from two miniature
electrodes Ž4 mm in diameter. placed above and
below the right eye. The EOG electrodes were
connected to a supplemental bipolar input of the
EEG electrode array and were subsequently
treated in the same manner as the EEG signals.
The EEG and EOG signals were amplified by a
Neuroscan 32 channel amplifier and were then
digitized at a rate of 256 Hz by a Labmaster AD
analogrdigital card, controlled by a 486 computer
running proprietary EEGSYS electroencephalogram recording and analysis software ŽHartwell,
1993.. The EOG and EEG signals were then
converted to V units and exported from
EEGSYS. The data were then reduced into 150
separate 2000 ms epochs in MATLAB ŽMathworks. each corresponding to a single trial of the
experiment. The epochs began 500 ms before the
onset of the first stimulus of each trial.
Eyeblink was also measured as electromyographic activity ŽEMG. of the orbicularis oculi
muscle following standard procedures ŽBerg and
Balaban, 1999..

2.3. Procedure

2.4. Data analyses

Each experimental session consisted of 150 trials, 50 for each of three conditions: Ž1. auditory
alone ŽA.; Ž2. visual alone ŽV.; and Ž3. paired
visualrauditory ŽVA.. Stimuli were presented in
pseudorandom order in 25 blocks of six trials such
that each condition was presented twice in each
block. The inter-trial interval of 12, 15 or 18 s was
also randomized such that each inter-trial interval
appeared twice in each block. Stimuli were presented at long inter-trial intervals so as to allow
complete recovery of the ERPs between trials
and to maximally engage the exogenous attention
system. Subjects fixated on a point 1.4 m in front
of them in order to restrict unnecessary eye
movements and minimize EEG artifacts. They
were instructed to sit quietly while visual slides

The EOG and EEG records were analyzed as
suggested by Gratton et al. Ž1983. for off-line
removal of ocular artifact. After implementation
of this algorithm, the ERPs were band-pass filtered forwards and backwards to eliminate phase
lag with a four pole Butterworth band-pass filter
Žpass-band 1᎐30 Hz.. Baseline activity was removed from each ERP by subtracting the mean
activity in the 500-ms window immediately prior
to stimulus onset. Overlapping ERP components
in the paired stimulus ŽVA. condition were separated by subtracting the response to the visual
stimulus alone ŽV. from the record of the paired
stimuli. If visual and auditory ERPs in the VA
condition were generated by spatially or temporally separated sources, this new record would
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Fig. 1.
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represent only the modified response to the stimulus characteristics of the acoustic stimulus in
the paired stimulus condition.
The latencies of two ERP components, the
N100 and the P200rP300 complex, were determined from the ERP record for the auditory
alone condition and the Žcomputed VA-V. ERP
record in the paired stimuli condition at the vertex ŽCz.. The N100 was defined as the largest
negative deviation from baseline in a window
80᎐160 ms following the presentation of the auditory stimulus. Though it was easy to discern in the
averaged waveform across subjects, it was difficult
to separate the P200 and P300 components of the
ERP for individual subjects because of the merge
of the two components for some subjects ŽPutnam
and Roth, 1990.. Therefore, the two were defined
together as the largest positive deviation from
baseline between N100 and 450 ms following stimulus onset. The peak values for the N100 and
P200rP300 at Cz were compared statistically
between the auditory alone and paired stimulus
Žafter subtracting the waveform obtained for visual alone. conditions. Cz was chosen because Ž1.
it had the best signal to noise ratio for both the
N100 and P200rP300 and Ž2. it was least likely to
be contaminated by any residual eye-blink artifacts due to its relative large distance to the eyes.
Although it was expected that the P50 waveform would also be elicited with these stimulus
parameters, it was not discernible from the background noise level in individual subjects. Since
only 50 trials were used to generate the event
related potentials in this experiment, it is possible
that the signal to noise ratio was too small to
clearly elucidate the P50 waveform.
The ERP data were further analyzed by generating topographic maps for N100 and P200rP300
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activity. A temporal ‘slice’ was taken across all
electrodes for the time point at which the N100
and P200rP300 waveforms peaked at Cz, as defined in the component calculations above. Twodimension maps of scalp voltage were then calculated by spline interpolation and pseudo-color
plots of electrical activity were generated.
Additional statistical analysis of ERP topography was conducted with cross-correlation. A twodimensional cross-correlation calculates the correlation between two surfaces, then shifts the
surfaces in a two-dimensional plane in relation to
one another and recalculates the correlation. After several iterations, the maximal correlation can
be seen at a spatial ‘lag’ when the two matrices
being compared are aligned so that they are
shaped as similarly as possible. This calculation
was used to detect the presence of a shift in ERP
topography from the auditory alone to the paired
stimulus condition. A shift in topography would
be indicated by a non-zero lag in the maximal
point.

3. Results
Fig. 1a,b shows the grand average auditoryrvisual event related potential record at Cz from all
subjects for the auditory and visual alone conditions. The dotted curves in Fig. 1a,b indicate the
confidence interval at "1 S.E. from the mean
ERP. The onset of the stimulus is at zero ms as
denoted by the vertical line in Fig. 1a,b.
In Fig. 1c, the solid curve plots the grand
average ERP record at Cz from all subjects for
the paired visualrauditory condition with zero ms
aligned with the onset of the auditory stimuli; the
dotted curve is ‘generated’ by summing the grand

Fig. 1. Ža. and Žb. grand average auditoryrvisual event related potential record at Cz from all subjects for the auditory and visual
alone conditions. The dotted curves indicate the confidence interval at "1 S.E. from the mean ERP. The onset of the stimulus is at
zero ms as denoted by the vertical line. Žc. The solid curve plots the grand average ERP record at Cz from all subjects for the paired
visualrauditory condition with zero ms aligned with the onset of the auditory stimuli; the dotted curve is ‘generated’ by summing
the grand average ERP in the auditory and visual alone conditions Žsum of the solid curves in Fig. 1a,b with the curve in Fig. 1b
shifted leftward 120 ms.. Žd. A comparison of the grand average ERP in the auditory alone condition Žthe solid curve. with that of
the difference between the paired visualrauditory condition and the visual alone condition, computed by subtracting the solid curve
in Fig. 1b Žshifted leftward 120 ms first. from the solid curve in Fig. 1c. Že. Summary of ERP amplitude reduction. Error bars denote
standard errors of the mean. Significant differences are marked by an asterisk and values are given in V.
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average ERP in the auditory and visual alone
conditions Žsum of the solid curves in Fig. 1a,b
with the curve in Fig. 1b shifted leftward 120 ms..
It is clear that the ERP in the paired visualrauditory condition is rather different from the computed summation of ERPs in the visual and auditory alone conditions. The generated N100 peak
is 39.2% larger Žpaired t-test, P- 0.005. and the
P200rP300 peak is 33.9% larger Žpaired t-test,
P- 0.007. than the corresponding peaks in the
paired visualrauditory condition.
Fig. 1d illustrates one of the most important
results in this study: a comparison of the grand
average ERP in the auditory alone condition Žthe
solid curve. with that of the difference between
the paired visualrauditory condition and the visual alone condition, computed by subtracting the
solid curve in Fig. 1b Žshifted leftward 120 ms
first. from the solid curve in Fig. 1c. The amplitude of the entire ERP waveform is reduced in
the paired condition Žafter subtracting the contribution from the visual ERP..
The amplitudes of the N100 and P200rP300
components in the auditory alone condition and
the paired visualrauditory condition Žafter subtracting the ERP from the visual alone condition.
for individual subjects are listed in Table 1. On
average, subjects showed a significant 39.4%
Žpaired t-test, P- 0.002. reduction of the amplitude of the N100 component in the paired stimuli
condition as compared to the auditory noise alone
condition ŽFig. 1d.. As can be seen in Table 1,

this reduction of the N100 amplitude occurred in
every subject tested. Habituation assessment over
five blocks with a one-way analysis of variance did
not detect a significant difference between blocks
for the comparison of auditory N100 amplitude in
the alone and paired condition Ž P s 0.311. or
peak N100 activity in the auditory alone Ž Ps
0.350. or paired stimulus conditions Ž Ps 0.995..
These results suggest that the auditory N100 amplitude was reduced in the paired stimulus condition and neither this reduction nor peak activity
in the two stimulus conditions habituated over
the course of the experiment.
On average, subjects also showed significant
amplitude reduction of the P200rP300 complex
Ž25.2%, paired t-test P- 0.001.. All subjects, save
one, showed P200rP300 amplitude reduction
while one subject showed an increase of 8.5%. As
with the N100, a one-way analysis of variance
over five blocks did not detect significant differences for amplitude reduction of the P200rP300
complex Ž Ps 0.615. or for peak P200rP300 activity in the auditory alone Ž P s 0.800. or paired
stimulus Ž Ps 0.961. conditions. These results
suggest that the amplitude of the P200rP300
complex was reduced in the paired stimulus condition and neither this reduction nor peak activity
in the two stimulus conditions habituated over
the course of the experiment.
Analysis of the EMG data showed no significant prepulse inhibition of the eyeblink response

Table 1
Amplitudes Žin V. of the N100 and P200rP300 components in the auditory alone condition and the paired visualrauditory
condition Žafter subtracting the ERP from the visual alone condition.
Subject

N100
Auditory alone

N100
Paired

% Change

P200rP300
Auditory alone

P200rP300
Paired

% Change

1
2
3
4
5
6
7

y40.70
y30.55
y63.65
y34.77
y13.07
y18.42
y32.68

y19.99
y18.74
y49.80
y26.58
y4.85
y11.73
y18.86

y50.8%
y38.6%
y21.7%
y23.5%
y62.9%
y36.3%
y42.2%

26.17
14.36
41.48
17.97
30.23
12.10
21.15

16.79
7.49
36.00
19.51
18.67
10.52
13.29

y35.8%
y47.8%
y13.2%
8.5%
y38.2%
y13.1%
y37.1%

Mean
S.E.M.

y33.41
6.20

y21.51
5.38

y39.4%
5.4%

23.35
3.86

17.47
3.50

y25.2%
7.5%
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when the auditory noise was preceded by the
visual stimulus.
Two-dimensional pseudo-color plots of scalp
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electrical activity were generated for both the
N100 waveform ŽFig. 2A,B. and the P200rP300
complex ŽFig. 2C,D.. By visual inspection, the

Fig. 2. Grand average N100 and P200rP300 ERP topography. ŽA. Auditory alone and ŽB. paired stimulus topography for the N100
waveform. ŽC. Auditory alone and ŽD. paired stimulus topography for the P200rP300 complex. In both pairs of figures, the contours
of the topography remain the same while the absolute magnitude of the activity is reduced in the paired stimulus condition. The
scale bar denotes values in V.
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Fig. 3. Grand average cross-correlation results. Ža. Cross-correlation of the N100 auditory alone and paired stimuli and Žb.
cross-correlation of the P200rP300 auditory alone and paired stimuli. A peak in the three dimensional structure of the
cross-correlation indicates the point at which two matrices Žauditory alone topography and paired stimuli topography. are most
closely correlated when they are shifted in relation to one another in a two-dimensional plane. The ‘ x’ and ‘ y’ axes represent spatial
lag values: the degree to which the two matrices have been shifted in a particular direction.Each spatial lag unit in the figure
corresponds to the approximated two dimensional distance between electrode locations Cz and Fz. A lag of zero in both the ‘ x’ and
‘ y’ axes for the N100 and P300 indicates that the three-dimensional structures of the two stimulus conditions did not shift in
relation to one another.
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contours of N100 activity appear nearly identical
for both the auditory alone and paired stimulus
conditions, with a global Žnegative. maximum amplitude at Fz. Cross-correlation analysis confirmed that the maximal correlation in a two-dimensional plane occurred at a lag of zero in all
seven subjects ŽFig. 3a. indicating that no shift in
the spatial distribution of activity had occurred.
However, Fig. 2A,B differ with respect to their
dynamic ranges, with the auditory alone stimulus
in Fig. 2A varying between y38 and ᎐4 V, and
the paired stimuli in Fig. 2B varying between y23
and ᎐5 V. It can be seen from these plots that,
while the general shape has been conserved, absolute activity is reduced in the paired stimulus
condition. This global reduction of activity was
observed in every subject.
Similarly, visual comparison of Fig. 2C,D for
the positive P200rP300 complex activity suggests
that the contours of the paired stimuli are virtually identical to those of the auditory alone, with
a global maximum near Cz. Cross-correlation
analysis confirmed that the maximal correlation
in a two-dimensional plane occurred at a lag of
zero in all seven subjects ŽFig. 3b. once again
indicating that no shift in activity had occurred.
Fig. 2C,D differ with respect to their dynamic
ranges, with the auditory alone in Fig. 2C varying
between 3 and 23 V, and the paired stimuli in
Fig. 2D varying between 3 and 17 V. This global
reduction of activity was seen in all subjects and,
as with the N100, while the general shape of the
contours in Fig. 2C,D are similar, absolute activity is reduced in the paired stimulus condition.

4. Discussion
In this study, we showed that involuntary attention to visual stimuli reduced the amplitude of
auditory ERPs. Specifically, at Cz, the amplitude
of the N100 component was reduced by 39.4%
and the P200rP300 complex was reduced by
25.2%. We further documented that the amplitude reduction is uniform across all the recording
sites ᎏ there is no significant change in the
topographic distribution of the N100 and
P200rP300 on the scalp. In addition, both the
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N100 component and the P200rP300 complex
showed no significant habituation in all the experimental conditions during the course of the experiment.
Our observation of N100 and P200rP300 amplitude reduction is consistent with several other
studies in the literature. Most notably, Perlstein
et al. Ž1993. found that the amplitudes of N100
and P200 components of auditory ERP were reduced when the auditory noise burst was paired
with another auditory stimulus that occurred 120
ms before it. Simons and Perlstein Ž1997. also
found similar effects when the auditory noise
burst was paired with a cross-modal tactile stimulus that occurred either 60 ms or 360 ms before it.
The current study investigated the interaction
between visual and auditory involuntary attention
and extends the previous results to include the
spatial topography of the ERPs.
The lack of significant prepulse inhibition of
the startle eyeblink with visual prepulses and 120
ms lead interval has also been noted by other
investigators ŽBohmelt et al., 1999; Graham, 1980..
The absence of eyeblink prepulse inhibition coupled with the concurrent reduction in ERP amplitudes suggests that inhibition in these responses
might occur in separate pathways ŽFord and Roth,
1999.. This hypothesis may deserve further investigation.
The discovery that the reduction of the ERP
components follows a global pattern without significant change in spatial topography places strong
constraints on the brain mechanism associated
with cross-modal interaction between visual and
auditory involuntary, exogenous attention system.
Naatanen
and Picton Ž1987. identified six sepa¨¨ ¨
rate cortical sources that can contribute to the
N100, the first of which is affected by stimulus
intensity and is probably generated in the primary
auditory cortex. Corroborating evidence has been
reported from magnetoencephalogram ŽMEG.
source localizations that have placed the N100
generator in temporal regions involving the primary auditory cortex ŽRomani et al., 1982. and
secondary auditory cortex ŽLu et al., 1992.. This is
of particular interest since sounds of different
intensities and frequencies have different source
localizations within the auditory cortex itself
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ŽRomani et al., 1982; Pantev et al., 1988; Pantev,
et al., 1989, 1991.. A global reduction of N100
amplitude without topographical change is indicative of reduced electrical activity at the source of
the evoked response Že.g. reduced activity in the
primary auditory cortex in the case of N100.,
suggesting that the influence of involuntary visual
attention had more or less equal effects on all the
cortical generators of the auditory ERPs. We
speculate that such influence might occur prior to
the primary auditory cortex to gate the input to
the primary auditory cortex. Our conclusions
about ERP topography are, of course, limited by
the number of scalp electrodes available with the
particular EEG system. Nonetheless, the current
result could motivate more detailed studies using
higher density EEG systems and MEG systems.
All in all, cross-modal, passive prepulse inhibition procedures result in reduced N100 and
P200rP300 ERPs without a measurable shift in
ERP topography. We conclude that activation of
the exogenous auditory attention system by sudden onset of rare auditory events can be modified
by involuntary visual attention. Involuntary attention to the visual modality appears to affect the
exogenous attention system at early levels of sensory processing of auditory information.
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