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Abstract

Effects of intermodal attentioanp of cross-modal links in spatial attention on visual and auditory event-related
potentials(ERPS were investigated in two experiments where participants had to attend to one stimulus modality
(audition or vision to respond to infrequently presented targets whenever these were presented at a relevant location
(indicated by a cue The ERP effects of intermodal attentitmeasured by comparing the ERPs elicited by visual and
auditory stimuli when the respective modality was relevant or irrelevarte differently distributed in vision and
audition, suggesting that intermodal attention operates by a selective modulation of modality-specific areas. Similar
ERP effects of spatial attentidqmeasured by comparing the ERPs to stimuli at cued and uncued logatiereselicited

at midline electrodes in vision and audition. With one notable exception, these effects were also present when attention
was directed within the other modality, suggesting the existence of cross-modal links between vision and audition in the
control of transient spatial attention.

Descriptors: Visual spatial attention, Auditory spatial attention, Event-related brain potentials, Intermodal attention,
Cross-modal attention, Nd

Most research devoted to the study of selective attention has faarget stimuli at a relevant location that was indicated by a cue at
cussed exclusively on selective processes within a specific modathe beginning of each tridspatial attention
ity. Although such studies may be useful in discovering mechanisms Directing attention to a specific modality results in perfor-
of selective attention within a given modality, they will not be able mance benefits when compared with a situation where attention is
to determine whether selective processes within different modalidivided between modalitiegf. Posner, Nissen, & Ogden, 1978,
ties are entirely modality specific or at least partially subserved byExperiment 4; Spence & Driver, 1987Several ERP studies have
common supramodal mechanisms. Event-related brain potentialavestigated whether such effects are due to modality-specific at-
(ERPS may provide a useful tool for studying this question. If a tentional operations or to supramodal mechanig@h#lho, Woods,
specific attentional process were completely supramodal, analo& Algazi, 1994; Alho, Woods, Algazi, & Naatanen, 1992; Woods,
gous ERP effects of this process could be expected within differenlho, & Algazi, 1992. For example, Woods et al1992, Exper-
stimulus modalities. In contrast, if such a process were entirelyment 2 presented streams of visual and auditory stintbli ms
modality specific, different ERP effects should be observed withinduration, interstimulus interval of 200—400 mimstructed partici-
different modalities. In the present study, two different attentionalpants to detect deviant events within one modality, and compared
processegthe selection of a relevant stimulus modality and the the visual and auditory ERPs elicited when the respective modality
selection of a relevant stimulus locatjomere investigated in the was either attended or unattended. In vision, intermodal attention
auditory and visual modality to find out whether these processesffected the ERPs primarily at posterior electrodes, with enhanced
are primarily mediated by supramodal mechanisms or whethenegativities elicited by relevant visual stimuli. In contrast, the ef-
they are largely modality specific. Participants were instructed tdects of intermodal attention on auditory ERPs were frontocen-
attend to one stimulus modality and to ignore the other stimuludrally distributed, with an enhanced negativity that was followed
modality (intermodal attentionto detect infrequently presented by an enhanced positivity elicited by relevant tones. According to
Woods et al(1992, this pattern of results suggests that the ERP
] ] effects of intermodal attention were generated in visual and audi-
This research was supported by the Max-Planck-Institute for Psychoy,y, sensory areas. Although these results may indicate that inter-
logical Research and by a grant from the Deutsche Forschungsgemein- DR . . e
schaft(No. Ei 266/4-1). modal attention in vision and audition is largely modality specific,
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ments, Andreas Widmann for technical support, and Renate Tschakerheeds consideration. Whereas auditory stimuli were delivered over
Monika Fahn, and Verena Pritschow for their help in conducting the eX-headphones, visual stimuli were presented on a computer monitor

periments. . . - . .
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positions where the relevant stimuli were to app@arSpence &  gaging attention from the ipsilesional hemispace in response to
Driver, 1997, for a detailed discussion of this isgueis therefore  auditory and visual cues and argued that this difficulty may indi-
not clear whether the ERP results observed by Woods et al. are @ate the operation of a supramodal attentional system. Cross-modal
pure measure of intermodal attention or whether they also refledinks in exogenouginvoluntary) spatial attention have recently
effects related to spatial expectations. been investigated by Spence and Driv&B97) in experiments
Numerous studies have investigated spatial attention in visionwhere spatially uninformative cuéperipherally presented abrupt
and audition in trial-by-trial cueing paradigms, where a spatiallysounds or flashesvere presented prior to visual or auditory targets
informative cue is presented at the beginning of each trial andhat required a location discrimination. Abrupt sounds attracted
participants are instructed to attend to the location indicated by theisual attentionreflected by more accurate visual discriminations
cue without moving their eyelef. Posner et al., 1978Stimuliat  on the cued side whereas abrupt flashes apparently failed to
cued (attendedl locations are detected with higher speed and ac-attract auditory attentiodiscriminative performance with respect
curacy than are stimuli presented at uncued locations. Such effects auditory stimuli was independent of the position of the previ-
have been reported in the visual modaligf. Downing, 1988;  ously presented flaghOn the basis of these results, Spence and
Mller & Rabbitt, 1989; Luck et al., 1994; Posner, Snyder, & Driver (1997) proposed the existence of asymmetrical links be-
Davidson, 198pand with auditory stimuli(cf. Bédard, El Mas- tween audition and vision with respect to exogenous spatial atten-
sioui, Pillon, & Nandrino, 1993; Quinlan & Bailey, 1995; Robin & tion. Links between endogenougoluntary) visual and auditory
Rizzo, 1992; Spence & Driver, 1984Recent ERP studies em- spatial attention were first investigated by Buchtel and B(1i889
ploying trial-by-trial cueing have found systematic effects of spa-and more recently by Spence and Driv@996 in a situation
tial attention for auditory stimuliSchrdger, 1993, 1994; Schréger where a centrally presented arrow cue indicated the likely location
& Eimer, 1993, 1997 and for visual stimuli(Eimer, 1993, 1994, of target stimuli of one modality. Target stimuli of the other mo-
1996; Mangun & Hillyard, 19911 Auditory and visual stimuli at  dality were presented less frequent®6% of all trialg and were
attended locations elicit an enhanced negativity at midline elecsomewhat more likely to be presented at the uncued side. The
trodes as compared with stimuli at uncued locations. This effectesults suggested a symmetrical link between auditory and visual
consists of an initial peakNd1) around 160 ms that is usually endogenous attention: When the cue indicated the likely location
maximal at posterior electrodes and is followed by a second, fronef auditory targets, visual discrimination was faster when visual
tocentrally distributed negativityNd2) between 220 and 280 ms. targets were presented at cued locations. When the location of
Recent researchEimer, 1996, 1997 has shown that these Nd visual targets was cued, auditory discrimination was faster at cued
effects are specific for transient attention situations. In additionthan at uncued locations.
enhanced visual P1 and N1 components may also be observed for An ERP study that investigated cross-modal links between vi-
visual stimuli at cued locations, presumably indicating intraper-sual and auditory spatial attention was conducted by Hillyard,
ceptual influences of visual spatial attentidgimer, 1994; Luck  Simpson, Woods, Van Voorhis, and Murt984), who presented
et al., 1994; Mangun & Hillyard, 1991 The fact that the visual a stream of brief flashes and tone bursts at an eccentricity’ab30
and auditory Nd1-Nd2 effects of spatial attention are highly similarthe left or right of fixation. Separate groups of participants were
and are affected in an analogous fashion by specific experimentahstructed to attend to either the tones or the flashes and to press a
manipulations(see Schréger & Eimer, 1997, for a more detailed button whenever a targéa tone or flash of slightly longer dura-
discussion may suggest that visual spatial and auditory spatialtion) was presented at the relevant locatideft vs. right side,
attention are not entirely modality specific but may at least par-which was specified at the beginning of each block. For the par-
tially depend upon common supramodal mechanisms. If spatidicipant group that attended to auditory stimuli, visual stimuli at
attention in audition and vision is not entirely modality specific, attended locations elicited an enhanced negativity between 150
then there should be cross-modal links between visual spatial anand 200 mgN170), as compared with unattended locations. How-
auditory spatial attention. If so, directing attention to a specificever, this effect was considerably larger for the participant group
location within ongrelevanj modality should affect stimulus pro- that attended to visual stimulus locations. Auditory spatial atten-
cessing within the otheirrelevany modality. This hypothesis will  tion resulted in a broad negativityNd) elicited by stimuli at at-
be further investigated in the present experiments. tended locations beyond 100 ms. This effect was also present,
The idea that there may be cross-modal links in spatial attentiomlthough somewhat smaller, when locations of visual stimuli were
is supported by the everyday observation that attention will ofterattended to. This pattern of results does not support the view that
be directed to sensory information stemming from different mo-visual spatial attention and auditory spatial attention are com-
dalities but from the same location in space. When trying to followpletely separated, because ERP effects of spatial attention were
a speaker in a noisy environment, attending to the speaker’s voiceund within one modality when the spatial attention was directed
may be as relevant as attending to the speaker’s lip movementsithin the other modality. However, because these effects were
and gestures. In such a situation, attentional selectivity has to beonsiderably reduced when attention was directed to another mo-
coordinated across modalities. Multisensory neurons found irdality spatial attention may not be entirely modality nonspecific.
several cortical and subcortical areas in the Qderedith & In the ERP experiments reported here, a variation of the pro-
Stein, 1986 and primate(Morrell, 1972; Rizzolatti, Scandolara, cedure adopted by Hillyard et a1984 was employed. ERPs
Matelli, & Gentilucci, 1981 brain, including the superior collic- elicited by visual and auditory stimuli were measured at attended
ulus (for an overview, see Stein & Meredith, 1992 brain and unattended locations when attention was directed to specific
structure that is assumed to be involved in spatial atter(fi@a visual or auditory stimulus locations. Participants were required to
Berge, 1995 may play a role in the coordination of spatial respond to infrequently presented target stimuli of the attended
attention across modalities. modality whenever these stimuli were presented at the cued side
Evidence in favor of a supramodal basis for spatial attentionand were required to ignore all stimuli of the unattended modality,
has been reported by Farah, Wong, Monheit, and Moi(t®89. all stimuli at uncued locations, and all nontargets. The attended
These authors observed in parietal patients difficulties in disenmodality (vision vs. audition was specified in advance of each
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block. These manipulations permitted the simultaneous investigaStimuli and Apparatus
tion of (a) ERP effects of intermodal attention by comparing the Participants were seated in a dimly lit, electrically shielded and sound
ERPs elicited by visual and auditory stimuli under conditions whereattenuated cabin with response buttons under their left and right
these modalities were attended or unattendbdERP effects of  hands. Acomputer screen was placed 110 cm in front of the partici-
visual and auditory spatial attention by comparing the ERPs elicpant’s eyes and carefully positioned so that the visual stitpoé-
ited by visual and auditory stimuli at cued and uncued locationssented white on grayappeared on the participant’'s horizontal
when these modalities were attended, &odcross-modal links  straight-ahead line of sight. Two loudspeakers were attached to the
between visual and auditory spatial attention by comparing theeft and right side of the computer scre@entered at a distance of
visual and auditory ERPs to stimuli at cued and uncued locationabout 9 from the screen centerEach trial began with a 200-ms
when vision and audition were unattended. presentation of a cu@n arrow pointing to the left or right sigdéhat

Two attentional processéattending to a modality: intermodal subtended a visual angle of 1.8 0.6°. Seven hundred milliseconds
attention; attending to a location: spatial attenfierere thus in-  after the offset of the cue, an imperative stimulus was presented, ei-
vestigated. If intermodal attention were entirely modality specific,ther as a visual stimulugn uppercase M or W, subtending an angle
different ERP effects of intermodal attention should appear inof 1° X 1°) or as an auditory stimulusow-pitched or high-pitched
the visual and the auditory modalitWWoods et al., 1992 If inter- sounds consisting of white noise band-pass filtered between 0 and
modal attention were completely supramodal, very similar ERP1000 Hz or between 1000 and 2000)Hzat appeared for 100 ms.
effects should be present in the visual and auditory modality. IfThe visual stimuli were presented in the left or right hemifield at a
spatial attention were a modality-specific phenomenon, no evihorizontal distance of 6from the screen center, and the auditory
dence for cross-modal links between visual and auditory spatiastimuli were delivered from the left or right loudspeaker. The inter-
attention (effects of spatial cueing on auditory ERPs when vi- val between stimulus offset and the onset of the next cue was 2 s.
sion is attended and vice vejsahould be obtained. If spatial
attention were primarily based on supramodal mechanisms, ERProcedure
effects of spatial attention should be largely independent of whichifwo experimental halve@ttend vision and attend auditipreach
modality was attended. A third alternative is that spatial atten-consisting of 12 blocks, were run successively, resulting in a total
tion is neither completely supramodal nor entirely modality spe-of 24 experimental blocks. Auditory and visual imperative stimuli
cific, but that attentional orienting within one stimulus modality appeared randomly and with equal probability on the cued side
has some(moderatg influence on processing within the other (valid trials) and on the uncued sidévalid trials). In the attend
modality (Hillyard et al., 1984. vision condition, participants were instructed to respond with a

In contrast to the study of Hillyard et al1984), the relevant  button press whenever the letter(krget stimuluswas presented
modality was varied within participants, and the to-be-attendedat the cued side. In the attend audition condition, participants were
location was not specified prior to each bldskistained attention  instructed to respond with a button press whenever a high-pitched
but was manipulated on a trial-by-trial basis with the help of cen-sound (target stimulus was presented at the cued side. No re-
trally presented cues that signalled the relevant location for thesponse was to be executed to the letter M and the low-pitched
next trial (transient attention Because the mechanisms underlying sound(nontarget stimu)i at cued location and to all stimuli when
sustained and transient spatial attention may not be entirely equithey appeared at the uncued side. In half of the blocks, a left-hand
alent (Eimer, 1996, one question of the present research wasresponse was required, and in the other half, a right-hand button
whether cross-modal ERP effects of spatial attention similar to theress was required.
results obtained by Hillyard et a[1984) can be observed in a Each block consisted of 72 trials and had a duration of 3.6 min.
trial-by-trial cueing situation. In addition, cross-modal links in A nontarget stimulus was presented on 48 trials. The probability of
transient spatial attention were investigated because this situatiorisual and auditory nontargets and of nontargets presented at the
can be more readily compared with recent behavioral st@8jsn-  cued or uncued side and at the left or right side were equal, re-
ce & Driver, 1996, 199Ythat also employed trial-by-trial cueing. sulting in a total of six nontarget trials per block for each combi-
Trial-by-trial cueing was employed because previous research hasation of condition(stimulus modality, trial validity, side of
shown that highly similar ERP effects of spatial attention can bepresentation On the remaining 24 trials, a target stimulus was
observed in the visual and auditory modality under transient atpresented. These target trials were randomly drawn from a large
tention conditions. In contrast to the intermodal attention study ofsample where all combination of conditiofstimulus modality,
Woods et al(1992, visual and auditory stimuli were presented at trial validity, side of presentationvere equiprobable, so that on
nearby(Experiment ] or identical(Experiment 2locations, thereby  the average, three target trials were delivered per block for each of
reducing the possibility of confounding between intermodal andthe eight possible combination of experimental conditions, out of
spatial attention. which six trials(trials where a target of the relevant modality was

presented at a cued locatjorequired a response.
The order of the two experimental halvéstend vision and

EXPERIMENT 1 attend auditiopwas balanced across participants. Participants were
instructed to respond as quickly and accurately as possible and to
Methods maintain central fixation during the trials. To make participants
familiar with these specific task requirements, one training block
Participants was run at the beginning of the experiment.

Fourteen paid volunteers participated in the experiment. Because 4

had to be excluded due to poor eye fixation control in the cue-Recording

target interval, 10 participan{® women, 4 mey) 21-38 years of  The electroencephalograBEG) was recorded with Ag-AgCl elec-
age(M = 30.9 yearsremained in the sample. All participants were trodes from Fz, Cz, and Raccording to the 10-20 systerand
right handed and had normal or corrected-to-normal vision. from OL and OR(located halfway between,@nd Tz, and Q and
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Te, respectively. All electrodes were referenced to the right ear- reach significanceF(1,9) = 4.2; p < .07. Spatial stimulus—
lobe. Horizontal electrooculografEOG) was recorded bipolarly response compatibility454 ms vs. 467 ms for compatible and
from electrodes at the outer canthi of both eyes, and vertical EO@compatible stimulus—response pairings, respectjvalyd re-

was recorded from electrodes above and below the right eye. Elesponse sidg457 ms and 464 ms for right-hand and left-hand
trode impedance was kept below % kThe amplifier bandpass responses, respectivglizad no significant effect on response la-
was 0.1-40 Hz. EEG and EOG were sampled online every 5 mgencies. Participants missed 3.4% of the auditory targets and 0.8%
and stored on disk. On each trial, a button press recorded withiof the visual targets. False alarms occurred <08.02% of all
1,000 ms after the onset of an imperative stimulus was consideredontarget trials.

as a response.

ERP Effects of Intermodal Attention

Data Analysis . : : .
EEG and EOG were epoched offine into periods of 1,700 mlelgure 1 |IIustraFe_s the effect_s of mt_erm_odal attention by compar-
g the ERPs elicited by auditory stimyleft column and visual

starting 100 ms prior to the onset of the cue and ending 700 m§'9 € EF o e
after the onset of the imperative stimulus. Trials with eyeblinks,St'mu“ (middle column at midline electrodes and at occipital sites

horizontal eye movements, or overt response errors were exclude,ctf’mralater‘ElI to the side of stimulus presentalio). The result-

from analysis. After artifact removal, the computer-averaged horin9 relevant minus irrelevant modality difference waveforms for

izontal EOG for each participant was scored for systematic deviY!SIon and audition are shown in Figure(dght column. Inter-

ations of eye position in the cue—target interval. If the maximaImOdal attention was reflected in a negative wave elicited by au-

residual EOG deviation exceede® uV (indicating a tendency to  ditory and V'Sht?a' sftf|mu|| zvhen thefrespectlve rr|10<_jall_ty was attended.
move the eyes in the direction of the arfpwhe participant was In audition, this effect showed a frontocentral distribution and was

disqualified. Only the EEG data obtained in nontarget trials wereirtually absgnt occipitally. With visual stimuli, it was distributed
further analyzed. For each experimental condition, the total num™°"® poﬁsteno;ly. i _ .

ber of nontarget trials was 72, and the trial rejection rate was N0 €ffect of attended modality on auditory ERPs was found at
<30% for all participants and conditions. The EEG was averagec?cc'p'tal sites. For audltory ERPs elicited at midline sites, a main
separately for all combinations of conditiotattended modality:  €fect of attended modality was present between 120 ms and
attend audition vs. attend vision; stimulus modality: visual vs,200 Ms and between 200 ms and 300 (1,9 > 13.7,ps <
auditory; trial validity: valid vs. invalid; visual field of presenta- 0 For the first latency window, an interaction between attended
tion: left vs. right, resulting in 16 average waveforms for each Medality and electrode location was obtainB,18 = 9.0,p <

participant and electrode site. All measures were taken relative i1, € = 0.85. Although significant effects of attended modality

the mean voltage of the 100-ms interval preceding the onset of th¥€re obtained at all three midline sites, additional paireests
imperative(nontarget stimuli. revealed that the effect was largest at Cz and larger at Fz than

Effects of intermodal attention on the ERP waveforms were@t Pz. . . »
determined within two consecutive time windoWE20—200 ms The difference between the attend vision and attend audition

and 200-300 ms poststimulusERP effects of spatial attention conditions affected the visual ERPs at occipital electrodes within

were investigated within the following latency windows: visual P1 both measurement W|ndow§5(l,_9) = 610’ ps < .05. Between
(90-120 ms poststimulus for contralateral occipital sites, llO—120 m,s and 200 ms.,athr.ee-wa)./lnteractlon vyas obsgAteehded

140 ms for ipsilateral occipital sitesvisual N1(160-200 ms for ~Modality X Recording Sidex Stimulus Location F(1,9) = 5.8,
contralateral occipital sites, 170-210 ms for ipsilateral occipitalP < 05 reflecting the fact that the initial part of this effect was
sites, auditory N1(100~140 ms at midline electrodesld1 (160~  ™More pronou_n(?ed a_t contralatgral occipital sites. For wsugl ERPs
210 ms at midline electrodes for visual and auditory stimalnd elicited at midline sites, a main effect of attended modality was
Nd2 (220-280 ms at midline electrodes for visual and auditorypresent between 120 ms and 200_ ms and t_Jetwe(_an 200 ms and
stimuli). Mean amplitude values were obtained within these Ia-300 ms,Fs(1,9 > 10.0,ps < .01. Within both time windows, an

tency windows, and separate repeated measures analyses of vahteraction between attended modality and electrode location was

ance(ANOVAs) were performed for visual and auditory stimuli observedFs(2,18 > 5.6, ps < .05, e = 0.69 and 0.88, respec-
and for lateral occipital and midline recording sites on these valueé'vely' Further analyses showed that between 120 ms and 200 ms,

for the following variables: attended modalitgttend audition vs. the effect was significant at Cz and Pz but was virtually absent at

attend vision, trial validity (valid vs. invalid, electrode location Fz (see Figure 1, right Betyveen 200 ms and 300 ms, significant
(Fz, Cz, Pz, for midline sitgor recording sidefor lateral occip- effects of attended modality were present at Fz and Cz, whereas

ianifi 1
ital electrodel and stimulus locatiorileft vs. right. Additional ~ the effect only approached significance at'Pz.
repeated measures ANOVAs were performed for single midline
recording sites. When appropriate, a Greenhouse—Geisser adjust-
ment to the degrees of freedom was performed, and the adjusted 1In the difference waveforms in Figure(fight), differential intermodal
values are reported. For the reaction time data, repeated-measur tention effects for vision and audition seem té be present within the first

ANOVAs were performed for stimulus modality, spatial stimulus— 100 ms after the onset of the imperative stimulparticularly at C, with
response compatibilitfcompatible: stimulus and response side a negative-going deflection for audition and a positive-going deflection for
correspond; incompatible: stimulus and response are on oppositésion. Because the in_termodal attention gffects in ViSiOU _and audi_tipn were
sides, and response side computed by subtracting ERPs obtained in the attend vision condition from
’ ' ERPs obtained in the attend audition condition, and vice versa, any base-
line difference between these conditions can be reflected in the initial part
Results of the resulting difference waveforms. In fact, the later part of the contingent-
. negative variation measured in the cue—target interval was almpat 1
Behavioral Performance . . larger in amplitude in the attend audition than in the attend vision condi-
Responses tended to be faster for visual than for auditory targgon, and this difference may have caused the early difference between
stimuli (442 ms vs. 479 msalthough this difference did not quite audition and vision visible in Figure (ight).
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AUDITORY STIMULI  VISUAL STIMULI  RELEVANT - IRRELEVANT
vy e, MODALITY

Fz Fz

|

Relevant Modality
- Irrelevant Modality e Y/ o)y

Audition

Figure 1. ERP effects of intermodal attention, Experiment 1. Grand-averaged ERPs elicited by auditory nontargetlsftimaiid

visual nontarget stimulimiddle) at midline electrodes and at occipital sites contralateral to the side of stimulus presei@&jamhen

the respective modality was either relevéttiick lines or irrelevant(thin dashed lines Right: Difference waveforms for audition
(thick lines and vision(thin dashed lingsobtained by subtracting the ERPs elicited when the respective modality was irrelevant from
the ERPs elicited when the modality was relevant.

ERP Effects of Spatial Attention Elicited by Auditory Stimuli and at Pz, whereas no difference between valid and invalid trials
Figure 2 (left) shows the effects of spatial attentigwalid vs. was found for the attend vision conditideee Figure 3, left
invalid trials) on auditory ERPs at midline electrodes when audi- A similar pattern of results was observed in the Nd2 interval.
tion was attended or unattended. The resulting valid minus invalidAn effect of trial validity, F(1,9) = 31.5,p < .001, was accom-
difference waveforms are shown in Figurgl8ft). Spatial atten- panied by an interaction between attended modality and trial va-
tion had an effect on auditory ERPs when audition was relevantlidity, F(1,9 = 14.9,p < .01, and a three-way interacti¢Attended
but no systematic ERP differences between valid and invalid trialdviodality X Trial Validity X Electrode Location F(2,18 = 5.2,
were present when vision was relevant. Mean valid minus invalidp < .05,e = 0.82. Separate analyses conducted for Fz, Cz, and Pz
difference amplitudes obtained in the Nd1 inter(atl P2 and the  revealed main effects of trial validity as well as Attended Modal-
Nd2 interval(at C2 under attend vision and attend audition con- ity X Trial Validity interactions at all three midline electrode sites.
ditions are displayed for both stimulus modalities in Figurféeft). In the attend audition condition, effects of trial validity were present
No effect of attention was observed for the auditory N1 com-at all electrodes. In contrast, no such effects were present in the
ponent. Trial validity failed to reach significance in the Nd1 inter- attend vision condition. This pattern of results can also be seen in
val, F(1,9 = 3.8,p < .09, but a two-way interactiofAttended  the valid minus invalid difference waveforms of Figurgl8ft).
Modality X Trial Validity), F(1,9 = 26.4,p < .001, and a three-
way interaction(Attended Modalityx Trial Validity X Electrode  ERP Effects of Spatial Attention Elicited by Visual Stimuli
Location, F(2,18 = 9.1,p < .01,e = 0.64, indicated that spatial Effects of trial validity on the visual P1 and N1 components at
attention affected the auditory ERPs differently in the attend au-contralateral and ipsilateral occipital sites are shown in Figure 4.
dition and attend vision conditions. Additional analyses conductedNo main effect of trial validity was found for the contralateral P1.
separately for Fz, Cz, and Pz revealed that although the Nd1 vadowever, an interaction between trial validity and attended mo-
lidity effect was absent at Fz, it was significant at Pz and almostality was foundF(1,9) = 5.6,p < .05, reflecting the fact that an
significant at Cz. At Cz and Pz, interactions between attendeenlarged P1 was elicited by valid trials in the attend vision con-
modality and trial validity were obtained. In the attend audition dition, t(9) = 2.9,p < .05, but not in the attend audition condition.
condition, significant effects of trial validity were present at Cz A main effect of trial validity was found for the ipsilateral P1,
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AUDITORY STIMULI VISUAL STIMULI
Attend Audition Attend Vision Attend Vision Attend Audition

Valid
Invalid

100V
Figure 2. ERP effects of spatial attention, Experiment 1. Grand-averaged ERPs elicited by auditory @&ffudind visual stimuli

(right) at midline electrodes in valid trialghick lines and invalid trials(thin dashed lings Waveforms are displayed separately for
the attend audition and attend vision conditions.

Auditory Stimuli Visual Stimuli

-7pV

1

Relevant Modality
Irrelevant Modality

Figure 3. Difference waveforms obtained in Experiment 1 by subtracting auditory ElR®sor visual ERPgright) elicited in invalid
trials from the ERPs elicited in valid trials when the respective modality was reléthacik lines or irrelevant(thin dashed lines
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EXPERIMENT 1 EXPERIMENT 2
Nd1 Interval (Pz) Nd1 Interval (Pz)

W3 v 3

*k *k
- *k 2

Auditory Visual Auditory Visual

Attention Condition
Attend Audition
Nd2 Interval (Cz) Nd2 Interval (Cz) Il Attend Vision
*k *%

* <.05
*» <01

*k

Auditory Visual Auditory Visual

Figure 4. Mean valid minus invalid difference amplitude values obtained in Experiméleftl and Experiment Zright) in the Nd1
interval (electrode Pz, topand the Nd2 intervalelectrode Cz, bottojrfor visual and auditory stimuli in the attend audition and attend
vision conditions. The significance levels of these differences are indi¢&ted< .01; *p < .05).

F(1,9 = 9.1, p < .05. This effect was significant in the attend In the Nd2 interval, a main effect of trial validitf (1,9 =
vision condition but failed to reach significance in the attend au-20.5,p < .001, was accompanied by an interaction between trial
dition condition. validity and electrode site; (2,18 = 5.8,p < .05,e¢ = 0.94, an

Trial validity affected the visual N1 at contralateral occipital Attended Modalityx Trial Validity interaction,F(1,9) = 26.4,
sites,F(1,9 = 7.1,p < .05. The absence of any interaction be- p < .001, and a three-way-interactiéAttended Modalityx Trial
tween attended modality and trial validity indicated that this effectValidity X Electrode LocationF(2,18 = 9.1,p < .01,e = 0.64.
did not differ between the attend vision and attend audition con-<Significant effects of trial validity were found at all three midline
ditions(see Figure 5, left The contralateral N1 validity effect was electrodes. Interactions between attended modality and trial valid-
only marginally significant in the attend vision condition but was ity indicating larger Nd2 validity effects for the attend vision as
significant for the attend audition condition. At ipsilateral occipital compared with the attend audition condition were found at Fz and
sites, trial validity had an almost significant effeEt1,9) = 5.0, Cz but not at PZsee also Figure 3, rightHowever, additionat
p < .06, which was accompanied by a Attended Modaktyrial tests revealed significant Nd2 validity effects for the attend vision
Validity interaction,F(1,9) = 5.7,p < .05. A significant ipsilateral ~ and attend audition conditions at all three midline electrodes.
N1 validity effect was found for the attend vision condition but not
for the attend audition condition.

In the Nd1 interval, an effect of trial validitys (1,9 = 35.5, Discussion
p <.001, was accompanied by an interaction between trial validity
and electrode locatiorF; (2,18 = 12.3,p < .001,e = 0.77. No In the present experiment, intermodal attention was manipulated
interaction between attended modality and trial validity was ob-by instructing participants to attend to one modalitysion or
tained, indicating that trial validity affected the ERP waveforms audition) and to ignore stimuli of the other modality. A comparison
similarly in the attend vision and attend audition conditions. Sep-of the visual and auditory ERPs elicited when the respective mo-
arate analyses conducted for electrodes Fz, Cz, and Pz revealddlity was relevant or irrelevant revealed a broadly distributed
significant trial validity effects and Cz and Pz, without interactions negative wave for relevant-modality stimuli that started around
between validity and attended modality. Additionaésts showed 120 ms and extended up to 300 ms poststim@kigure 1. The
significant validity effects at these electrodes both in the attendscalp distribution of this intermodal attention effect was different
vision condition and in the attend audition condition. in audition and in vision. For auditory ERPs, the effect was most
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CONTRALATERAL IPSILATERAL

Attend Vision Attend Vision

Valid

: Valid
-GpV o Invaid Invalid
Attend Audition Attend Audition

Figure 5. Grand-averaged ERPs elicited by visual stimuli at occipital sites contralateral and ipsilateral to the side of stimulus
presentation in valid trialéhick lineg and invalid trials(thin dashed linegs Experiment 1. Waveforms are displayed separately for the
attend vision and attend audition conditions.

pronounced at frontocentral sites and was completely absent abmparable effects of spatial attention were observed for visual
occipital electrodegFigure 1, right. In the visual modality, the ERPs in the attend vision and attend audition conditions. In the
effect was initially absent at Fz but was clearly present at occipitaNd2 interval, larger effects of spatial attention were observed at Fz
electrodeqdand was larger at sites contralateral to the visual fieldand Cz when vision was relevant, although significant effects were
of stimulus presentationThis pattern of results is similar to the also present when vision was irrelevant. These results are similar
effects of intermodal attention reported by Woods et(2892), to those obtained within a sustained attention paradigm by Hillyard
except for the fact that no enlarged positivity was observed wheret al. (1984). In contrast to the attend vision condition, no atten-
audition was relevant. The fact that differently distributed ERPtional enhancements were present for the occipital P1 component
effects of intermodal attention were obtained for vision and audi-in the attend audition condition. However, an enlarged N1 com-
tion is consistent with the hypothesis that intermodal attentionponent elicited by visual stimuli at cued locations was found at
results in a selective modulation of processing within modality-contralateral occipital sites when vision was irrelevant.
specific brain areas. A different pattern of results was obtained for auditory stimuli.
The second issue to be investigated by the present experimelthen audition was relevant, significant attentional effects were
was whether the orienting of spatial attention within ¢redevang found for the Nd1 intervalat Cz and Pzand the Nd2 interval,
modality affects processing within the irrelevant modality, sug-reflecting enhanced negativities elicited by stimuli at cued loca-
gesting cross-modal links in spatial attention, or whether transientions as compared with stimuli at uncued locations. No such effects
spatial attention operates separately within vision and auditionwere found when vision was relevant, suggesting that visual spatial
When vision was relevant, visual stimuli at cued locations elicitedattention had no effect on the processing of auditory stimuli. Whereas
enhanced P1 and N1 components at occipital sites, presumabtiie results obtained for visual stimuli strongly suggests cross-
indicating an intraperceptual effect of visual spatial attention. More-modal links in transient spatial attention, the pattern observed for
over, enhanced negativities for attended as compared with urauditory stimuli implies the existence of separate attentional sub-
attended locations were also observed in the KtlCz and Pz~ systems within modalities. Taken together, these data seem to favor
and Nd2 intervals at midline electrodes. A similar pattern of resultshe assumption of asymmetrical links between vision and audition
was elicited by visual stimuli when audition was relevant. Again, with respect to spatial attention, as postulated by Spence and Driver
enhanced negativities were elicited at midline electrodes by stimul{1997) with respect to exogenous spatial attention: visual process-
at cued locations in the Nd1 and Nd2 intervals. In the Nd1 intervaljng is influenced by auditory spatial attention, and auditory pro-



Intermodal and cross-modal attention 321

cessing is independent from spatial orienting within the visualcondition, participants were instructed to respond to a sound stim-

modality. ulus of long duration(150 ms, auditory targetwhenever it ap-
However, several issues must be considered before this compeared at the cued side. No response was to be given to short visual

clusion is accepted. First, the results obtained for auditory stimuland auditory stimul{100 ms durationor to all stimuli when they

contrast with the ERP results observed by Hillyard et(2884) appeared at uncued locations. In all other respects, the procedure,

and with the behavioral effects obtained by Spence and Driverecording, and data analysis were identical to those of Experi-

(1996 that suggested symmetrical links between endogenous viment 1.

sual spatial and auditory spatial attention. This difference may be

related to the specific spatial layout of the stimuli. Because audi-

tory stimuli were delivered via loudspeakers that were attached t&Results

the computer screen, they were presented abbootde eccentric

than were the visual stimuli. If spatial attention was narrowly

focused on the expected location of a relevant stimulus, stimuli o

the irrelevant modality may well have been unattended, even thoug ompatibility had an almost significant effe@88 ms vs. 605 ms

they_were pre_sented atthe cugd S|de.AIthought_h|s scenario cann]%tr compatible and incompatible stimulus—response pairings, re-
readily explain why systematic effects of spatial attention were

ively, F(1,9 = 4. < .06. All r nse latencies wer
observed for visual stimuli in the attend audition condition, it doess'pect ely, F(1,9 98,p < .06 esponse latencies were

hasize that th ¢ . i b licated dmeasured relative to the onset of imperative stiiiarticipants
empnasize that the present experiment must be replicatled undgfi o4 5 gy, of the auditory targets and 2.6% of the visual targets.
conditions where visual and auditory stimuli occupy identical loca-

. . . . ~ The false alarm rate on nontarget trials wa8.02%.
tions in space before any conclusions with respect to asymmetrical

links between vision and audition can be drawn. In Experiment 2,

visual stimuli (light flashes and auditory stimulittones were ~ ERP Effects of Intermodal Attention

presented under free-field conditions from lamps and loudspeakefsigure 6 illustrates the effects of intermodal attention by compar-
located 15 to the left or right of fixation. Because only stimulus ind the ERPs elicited by auditory stimuleft column and visual
duration could be manipulated for the light flashes, duration dis-stimuli (middle column at midline electrodes and at contralateral

criminations were required to identify the visual and auditory tar-0ccipital sites. The effects of intermodal attention on auditory and
get stimuli. visual ERPs were very similar to the effects observed in Experi-

ment 1.

No effect of attended modality on auditory ERPs was found at
occipital sites. For auditory ERPs elicited at midline sites, main
effects of attended modality were present between 120 ms and
Methods 200 ms and between 200 ms and 300 (1,9 > 13.3,ps <
Participants .01. Interactions between attended modality and electrode location

Twelve paid volunteers participated in the experiment. Because /€re obtained within both measurement windows(2,18 >
had to be excluded due to poor eye fixation control in the cue-4-56,ps < .05, = 0.83 and 0.95, respectively. Although signif-
target interval, 10 participanty women, 3 me)) 22-38 years of icant effects of attended modality were obtained in both latency
age(M = 28.8 yearsremained in the sample. All participants were Windows and at all midline sites, additional pairests revealed

Behavioral Performance
Pesponse times to visual and auditory stimuli were not signifi-
antly different(600 ms vs. 592 njs Spatial stimulus—response

EXPERIMENT 2

right handed and had normal or corrected-to-normal vision. that these effect were largest at Cz and tended to be smallest at Pz.
Intermodal attention affected the visual ERPs at occipital sites
Stimuli and Apparatus between 120 ms and 200 n5(1,9) = 13.14,p < .006, but not

Visual and auditory imperative stimuli were presented in the fredP€yond 200 mgsee Figure 6, bottomAs in Experiment 1, a
field from pairs of lamps and loudspeakers on the left and rightthree-way interaction was observed between 120 ms and 200 ms
side, and the cue stimuli were presented on a computer screen. Af\ttended Modality X Recording Sidex Stimulus Locatiof,
stimuli were located at a distance of about 200 cm from the parF (1,9 = 8.1,p < .05, reflecting the fact that the effects of inter-
ticipant's eyes and were aligned on the participant's horizontal linenodal attention were more pronounced at contralateral occipital
of S|ght The cues were presented at fixation, and the |amp_sites. At midline sites, main effects of attended modallty on visual
loudspeaker pairs were located16 the left or right of fixation. ERPs failed to reach significance within both measurement win-
White noise(filter range: 100—10,000 Hz, 5 ms rise and fall time dows. However, there were interactions between attended modality
of 100 ms and 150 ms duration served as auditory nontargets arg"d electrode locatiors(2,18 > 5.7, ps < .05,e = 0.96 and
targetS, respective|y' Visual nontarget and target stimuli were re0.87, respectively. Further analyses showed that effects of attended
alized by flashing the lamp for 100 ms or 300 ms, respectively. Thdnodality were present at Cz within both time intervals but failed to
different durations for auditory and visual targets were choserf€ach significance at Fz and Pz.
because pilot studies had shown that with these values, approxi-
mately equally difficult duration discriminations were realized in ERP Effects of Spatial Attention Elicited by Auditory Stimuli
the visual and auditory modality. In all other respects, the experFigure 7 (left) shows the effects of spatial attention on auditory
imental circumstances were identical to those of Experiment 1. ERPs at midline electrodes when the respective modality was rel-
evant or irrelevant, and the resulting valid minus invalid difference
Procedure, Recording, and Data Analysis
The response instructions were different from those of Experi-—, ] ] L ] ] :
When making comparisons of the reaction times obtained in Experi-

ment 1. In the attend vision condition, participants were InStruCtedment 2 with those of Experiment 1, it should be noted that the discrimi-

to respond to a .Iight stimulus of long dl_JratiCQBOO ms, visual_ ~ nation between longer duration targets and nontarg® ms duration
targe} whenever it appeared at the cued side. In the attend auditiorequired in Experiment 2 had to await the expected offset of the nontargets.




322 M. Eimer and E. Schroger
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Figure 6. ERP effects of intermodal attention, Experiment 2. Grand-averaged ERPs elicited by auditory(&ifinalnd visual stimuli

(middle) at midline electrodes and at occipital sites contralateral to the side of stimulus prese@&tjanhen the respective modality

was relevant(thick lines or irrelevant(thin dashed lines Right: Difference waveforms for auditiofthick lineg and vision(thin

dashed linesobtained by subtracting the ERPs elicited when the respective modality was irrelevant from the ERPs elicited when the
modality was relevant.

waveforms are shown in Figure(&ft). In contrast to Experiment a differential effect of trial validity for the attend audition and
1, ERP effects of spatial attention were visible also when auditiorattend vision conditions in the Nd2 interval was present at specific
was irrelevantsee also Figure 4, right recording sites. Separate analyses conducted for Fz, Cz, and Pz
No main effect of spatial attention was observed for the audi-confirmed this assumption: Significant main effects of trial validity
tory N1 component. However, an enhanced auditory N1 for validwere found at Fz and Cz but not at Pz, and a significant interaction
as compared with invalid trials was observed at Cz and Pz in thbetween attended modality and trial validity was present at Cz.
attend vision conditionts (9) > 2.8, ps < .05 (see also Figure 7, Additional t tests conducted separately for the attend audition
left). In the Nd1 interval, trial validity had an effeck (1,9 = and the attend vision conditions revealed significant effects of trial
19.1,p < .01, and a two-way interactiofilrial Validity X Elec- validity at Fz and Cz but not at Pz for both conditigsse also the
trode Location, F(2,18 = 7.5,p < .05,¢ = 0.63, indicated that valid minus invalid difference waveforms in Figure 8, left, and the
spatial attention affected the auditory ERPs differently at differentbar graphs in Figure 4, right
sites. In contrast to Experiment 1, no Attended ModatityTrial
Validity interaction was found for the Nd1 interval. Additional ERP Effects of Spatial Attention Elicited by Visual Stimuli
analyses conducted separately for Fz, Cz, and Pz revealed signi&ffects of trial validity on the P1 and N1 components at contra-
icant trial validity effects at Cz and Pz but not at Fz. No inter- lateral and ipsilateral occipital sites are shown in Figure 9. No
actions between attended modality and trial validity were obtainedeffects were found for the P1 at contralateral and ipsilateral oc-
and additionat tests revealed significant trial validity effects at Cz cipital sites. At contralateral sites, trial validity had a significant
and Pz in the attend audition condition and in the attend visioreffect on N1 amplitudef-(1,9 = 8.2, p < .05. The contralateral
condition (see Figure 4, right, and Figure 8, left N1 validity effect was significant in the attend vision condition,
A similar pattern of results was observed in the Nd2 interval. At(9) = 3.1, p < .05, but failed to reach significance in the attend
main effect of trial validity,F(1,9) = 7.6, p < .05, was accom- audition condition. At ipsilateral occipital sites, trial validity had a
panied by an interaction between trial validity and electrode locasignificant effect on N1 amplitudé; (1,9 = 24.3,p < .001, that
tion, F(2,18 = 7.1,p < .01,¢ = 0.84. As befordand in contrast was present both in the attend vision and the attend audition
to Experiment 1, the interaction between attended modality and conditions.
trial validity failed to reach significance. However, an additional  In the Nd1 interval, a main effect of trial validitf; (1,9 =
three-way interactiofAttended Modalityx Trial Validity X Elec-  20.7,p < .001, was accompanied by an interaction between trial
trode Location, F(2,18 = 5.9,p < .05,¢ = 0.58, indicated that validity and electrode locatior (2,18 = 17.4,p < .001,e =
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Figure 7. ERP effects of spatial attention, Experiment 2. Grand-averaged ERPs elicited by auditory @&ffjudind visual stimuli
(right) at midline electrodes in valid trialghick lineg and invalid trials(thin dashed lines Waveforms are displayed separately for
the attend audition and attend vision conditions.
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Figure 8. Difference waveforms obtained in Experiment 2 by subtracting auditory ERRRsor visual ERPgright) elicited in invalid
trials from the ERPs elicited in valid trials when the respective modality was reléthack lines or irrelevant(thin dashed lines

323



324 M. Eimer and E. Schréger

CONTRALATERAL IPSILATERAL

Attend Vision Attend Vision

4uV vaiid
- Invalid

Attend Audition i Attend Audition

500 ms

4uv L L

Figure 9. Grand-averaged ERPs elicited by visual stimuli at occipital sites contralateral and ipsilateral to the side of stimulus
presentation in valid trialghick lines and invalid trials(thin dashed lines Experiment 2. Waveforms are displayed separately for the
attend vision and attend audition conditions.

0.85, and an interaction between attended modality and trial vadistributed negativity that was absent at occipital sites. However,
lidity, F(1,9 = 7.2, p < .05. Separate analyses conducted forthe effects of intermodal attention on visual ERPs were somewhat
electrodes Fz, Cz, and Pz revealed significant trial validity effectssmaller than in Experiment 1. Again, occipital effects of inter-
at Cz and Pz but not at Fz and an interaction between trial validitymodal attention were larger at contralateral recording sites. The
and attended modality at Czee also Figures 7 and 8, right effects of spatial attention obtained for visual stimuli also con-
Additional t tests showed significant validity effects at Cz and Pzfirmed the effects observed in Experiment 1: Visual stimuli at cued
in both the attend vision and attend audition conditions. locations elicited an enhanced negativity in the Nd1 intefzaCz

In the Nd2 interval, a main effect of trial validitf; (1,9 = and Pz and in the Nd2 interval when vision was relevant but also
19.7,p < .01, was accompanied by an interaction between trialin the attend audition condition. However, interactions between
validity and electrode siteé; (2,18 = 10.2,p < .001,e = 0.99, attended modality and trial validity obtained at @zthe Nd1 and
an Attended Modalityx Trial Validity interaction,F (1,9 = 5.7, Nd2 interva) and Fz(in the Nd2 interval indicated larger atten-
p < .05, and a three-way-interactié¢Attended Modalityx Trial tional effects when vision was relevant. Spatial attention also en-

Validity X Electrode Locatioph F(2,18 = 9.9,p < .01,e = hanced occipital N1 amplitude. In the attend audition condition,
0.73. Significant effects of trial validity were found at all three this effect was significant only at ipsilateral sites. In contrast to
midline electrodes. Significant Attended Modality Trial Valid- Experiment 1, no attentional modulation was found for the visual

ity interactions indicating larger Nd2 validity effects for the P1, presumably because of the different visual discrimination tasks
attend vision than for the attend audition condition were foundin the two experimentéletter discrimination vs. duration discrim-

at Fz and Cz but not at Rsee also Figure 8, rightAdditional ination). The occipital P1 amplitude modulations caused by visual
t tests revealed significant Nd2 validity effects for both the at-spatial attention are related to the type of sensory discrimination
tend vision and attend audition conditions at all three midlinerequired in a given taskEimer, 1993.

electrodes. As in Experiment 1, enhanced negativities were elicited by
auditory stimuli at cued locations in the Nd1 interyat Cz and

P2 and the Nd2 intervalat Fz and Cgwhen audition was rele-
vant. In contrast to the first experiment, however, similar effects
The effects of intermodal attention obtained in Experiment 2 werewere also observed when vision was the relevant modality. In the
similar to the effects already observed in the first experiment. InNd1 interval, similar effects of spatial attention on auditory ERPs
audition, intermodal attention was reflected in a frontocentrallywere observed in both the attend audition and attend vision con-

Discussion
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ditions. In the Nd2 interval, larger attentional effects were mea-patible with the fact that the attentional modulations of visual
sured for the attend audition condition only at Cz, and effects ofERPs observed when audition was relevant were very similar in
spatial attention were obtained at frontocentral sites when visiomoth experiments. One may assume that auditory spatial attention
was relevant. In addition, an effect of spatial attention on thewas generally less focused than visual spatial attention in the present
auditory N1 was foundat Cz and Pkin the attend vision condi- study, so that in Experiment 1, the processing of visual stimuli at
tion but not in the attend audition condition. cued locations profited from auditory attention being shifted to that
The processing of auditory stimuli was affected by attentionalside, but not vice versa. Alternatively, visual processing was af-
orienting within the visual modality and visual ERPs were af- fected by auditory spatial attention in Experiment 1 perhaps be-
fected by auditory spatial attention suggesting the existence ofause visual stimuli were presented centrally relative to the attended
symmetrical links between vision and audition in transient spatialocation when audition was relevant, whereas in the attend vision
attention. Therefore, the results from Experiment 2 support theondition, auditory stimuli were located peripherally to the at-
conclusions drawn by Spence and Driv&B96 on the basis of tended location. If the relative eccentricity of a stimulus with respect
behavioral performance. to the attended location were the critical variable for cross-modal
The overall reaction time was delayed by100 ms as com- effects of spatial attention to occur, one would predict attentional
pared with Experiment 1 because the duration discrimination ha@ffects on auditory processing would be expected when vision was
to await the offset of théshortej nontarget stimuli. Despite this relevant, but not vice versa, whenever visual stimuli are presented
clear difference in the timing of response-related processing bemore peripherally than are auditory stimuli. A possible reason for
tween both experiments, the onset and time course of the ER&n effect of relative stimulus eccentricity on cross-modal links in
effects of intermodal and spatial attention were highly similar. Ourspatial attention is that the size of the attentional focus varies with
conclusion is that the attentional processes as reflected by the ERRe retinal eccentricity of an attended locati@owning & Pinker,
modulations observed in the present research are largely indepeh985. The focus of attention may thus be more restricted #i@&n
dent of the timing of executive processes. at 9 and may thus have been even broader in Experiment 2, where
all stimuli were presented at an eccentricity of.1Bhese issues
should be investigated in future experiments.
GENERAL DISCUSSION Based on the results of the present research, one may want to
conclude that intermodal attention to audition and to vision is a
We investigated whether two different attentional proce§isesr- modality specific phenomenon, whereas spatial attention is at least
modal attention: attending to a specific modality; spatial attentionpartially controlled by supramodal mechanisms. However, some
attending to a specific locatipare subserved by supramodal mech- issues must be considered with respect to these conclusions. In the
anisms or are largely modality specific. With respect to intermodalpresent experiments, intermodal attention was varied between blocks,
attention, the results of both experiments confirm the hypothesisvhereas spatial attention was varied between trials. Sustained and
originally based on the results reported by Woods €il892: The  transient attention may not be completely equivalent with respect
scalp distribution of the intermodal attention effects in the auditoryto the underlying brain mechanisrt&imer, 1996. Therefore, the
and visual modality was different, suggesting that attending to alifferences observed in the present research between transient spa-
stimulus modality primarily results in selective modulations of tial attention and sustained intermodal attention may be due, at
activity within modality-specific brain areas. One difference be-least in part, to the different dynamics in allocating and shifting
tween the present results and the results described by Woods et attention to stimulus modalities and to stimulus positions. In ad-
(1992 is that no enhanced positivity was elicited by relevant au-dition, in contrast to the Hillyard et al1984) study, the attend
ditory stimuli. According to Woods et al1992), this positivity ~ vision and attend audition conditions were varied within partici-
might reflect the rejection of relevant standéndntargetauditory ~ pants. As a result of this procedure, participants may not have
stimuli from further processing. One obvious difference betweendirected their attention exclusively to the relevant stimulus modal-
the present experiment and the Woods etl#192 study is thatthe ity but may have divided attention to some extent between both
interval between successive imperative stimuli was considerablynodalities. If so, the effects of spatial attention observed for the
larger(2,900 ms vs. 200—400 msThus, differences in processing irrelevant modalities cannot be unambiguously interpreted as ev-
load related to these different interstimulus intervals may be reidence for the existence of cross-modal links in spatial attention.
sponsible for the absence of this effésee Alho et al., 1992, for The systematic effects of intermodal attention observed in the
effects of processing load on intermodal attention present experiment were similar to previous results reported by
With respect to cross-modal links in transient spatial attentionWoods et al(1992, which seems to speak against such a divided
between vision and audition, a notable difference was obtainedttention mode. To further test these possibilities, effects of inter-
between Experiments 1 and 2: Whereas the data of Experiment thodal attention and cross-modal links in spatial attention must be
seemed to favor the hypothesis of an asymmetrical link betweemvestigated under conditions where intermodal and spatial atten-
visual and auditory spatial attention, the ERP effects obtained ition are both manipulated in a sustained or transient fashion and
Experiment 2 suggest a symmetrical connection. Why were theelevant stimulus modalities are varied between participants. In
auditory ERPs obtained in the attend vision condition affected byaddition, only a few electrodes were used in the present research,
spatial attention in Experiment 2 but not in Experiment 1? Oneand more dense arrays may be needed to detect subtle differences
difference between the two experimental situations was that visuah the effects of intermodal and spatial attention on visual and
and auditory stimuli were delivered at identical locations in ex-auditory ERPs.
periment 2, whereas in Experiment 1, auditory stimuli were deliv-  The different scalp distributions observed for the intermodal
ered from more eccentric positions than were visual stimuli. Theattention effects in vision and audition were taken as evidence for
assumption that all irrelevant-modality stimuli at cued locationsthe assumption that attending to a modality results in selective
were simply unattended in Experiment 1 because of the horizontahodulations of activities within modality-specific brain areas. How-
separation of visual and auditory stimulus locations is not com-ever, these results do not rule out the possibility that such modality-
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specific modulations are themselves initiated by a single supramodaline modality has consequences for the processing of stimuli within
attentional control system, which could be located within poly- another modality shows that spatial attention is not entirely mo-
modal areas of the parietal cortex. Conversely, the evidence for thdality specific. However, the fact that larger Nd effects of spatial
existence of cross-modal links in spatial attention found at midlineattention were obtained at midline sites when the respective mo-
electrode sites does not rule out the possibility that spatial attentiodality was relevant than when it was irrelevant is not consistent
also has effects on modality-specific perceptual processing. In factyith a model of a single supramodal control system of spatial
visual spatial attention affected the amplitudes of visual evoked PAttention that operates entirely independent of target mod&iésah
and N1 components at occipital sites, whereas no such occipitat al. 1989 because this model would imply that the ERP effects
components were elicited in response to auditory stimuli. It isof spatial attention reflecting the activity of this control system
important to distinguish between the activity of attentional controlshould be the same regardless of whether vision or audition was
mechanisms and the resulting effects of attention in brain pathwayselevant. Because this sort of independence was not observed, it
and to realize that the control and the expression of attentionahppears that transient spatial attention is neither completely supra-
processef_aBerge, 1995may both have supramodal and modality- modal nor entirely modality specific but that strong cross-modal
specific aspect?. links exist between visual and auditory spatial attention. Research-
With these reservations in mind, we conclude from the preseners will have to investigate in more detail the nature of these
research that there are links between transient spatial attention tross-modal links, including questions of whether cross-modal ef-
vision and in audition. The finding that orienting attention within fects of spatial attention are modulated by differential processing
requirements within the relevant modality and whether it is pos-
sible (despite the existence of cross-modal linkssimultaneously
direct attention to different locations within different modalities.

3We thank Steve Luck for his clarifying comments with respect to this
important distinction.
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