Psychophysiology, 32000, 697—705. Cambridge University Press. Printed in the USA.
Copyright © 2000 Society for Psychophysiological Research

An event-related brain potential study of cross-modal
links in spatial attention between vision and touch

MARTIN EIMER? anp JON DRIVER®

aDepartment of Psychology, Birkbeck College, University of London, England
bDepartment of Psychology, University College, London, England

Abstract

Event-related potentidERP) evidence for the existence of cross-modal links in endogenous spatial attention between
vision and touch was obtained in an experiment where participants had to detect tactile or visual targets on the attended
side and to ignore the irrelevant modality and stimuli on the unattended side. For visual ERPs, attentional modulations
of occipital P1 and N1 components were present when attention was directed both within vision and within touch,
indicating that links in spatial attention from touch to vision can affect early stages of visual processing. For somato-
sensory ERPs, attentional negativities starting around 140 ms poststimulus were present at midline and lateral central
electrodes when touch was relevant. No attentional somatosensory ERP modulations were present when vision was
relevant and tactile stimuli could be entirely ignored. However, in another task condition where responses were also
required to infrequent tactile targets regardless of their location, visual-spatial attention modulated somatosensory ERPs.
Unlike vision, touch apparently can be decoupled from attentional orienting within another modality unless it is
potentially relevant.

Descriptors: Visual-spatial attention, Tactile-spatial attention, Cross-modal attention, Somatosensory event-related
potentials, Event-related brain potentials

Research on spatial attention has traditionally focused on selective Eimer and Schrége(1998 reported complementary evidence
processing within single stimulus modalities. However, in recentfrom event-related brain potentialERP3. They measured atten-
years a growing number of studies have begun to study crosgional modulation of visual and auditory ERPs when participants
modal links in endogenou&roluntary and exogenousinvolun- directed attention to the left or right within either audition or vision
tary) spatial attentiorgsee Driver & Spence, 1998, for an overview to detect infrequent targets within the relevant modality at that
Most recent cross-modal studies have investigated links in spatidbcation. Attentional modulations of the occipital N1 component
attention between vision and auditide.g., Eimer & Schrbéger, and an enhanced negativity at midline electrodes for stimuli at
1998; Spence & Driver, 1996, 1997; Ward, 199Bor example, attended locations were found for visual ERPs when vision was
Spence and Drive1996 measured behavioral performance in an relevant. Notably, these visual effects were also present, albeit
elevation discrimination task, when a central arrow cue indicatedattenuated, when attention was directed within audition, demon-
the highly likely side of target stimuli for one modality. Target strating cross-modal links. For auditory ERPs, spatial attention
stimuli in the other modality were presented less frequently andesulted in an enhanced negativity at midline electrodes when au-
were somewhat more likely to be presented at the uncued side. Thiition was relevant, and these effects remained present, albeit at-
results suggested symmetrical cross-modal links between endogenuated, when only vision was relevésee also Hillyard, Simpson,
enous spatial attention in audition and vision. When the central cu&Voods, Van Voorhis, & Minte, 1984, for similar resylt3hese
indicated the likely side of auditory targets, not only auditory behavioral and ERP findings provide converging evidence for the
discrimination but also visual discrimination became better forexistence of cross-modal links between vision and audition in en-
targets on the indicated side. Conversely, when visual targets werogenous spatial attention.
very likely on one side, auditory discrimination improved there as  The aim of the present experiment was to use ERPs to test for
did visual discrimination. cross-modal links in endogenous spatial attention between vision
and touch. To date, only a few behavioral studies have investigated
such links. Posner, Nissen, and Ogdd®78 measured choice
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cause the central cues always predicted that visual and tactil€rawford, & Glue, 198Y. In Garcia-Larrea et al.'s study, this
targets were likely on a common side, attention may have shifte@ffect tended to be earliéaround 120 ms poststimulusver the
independently within each modality to the same place. Butterhemisphere contralateral to the stimulation. Cross-modal links in
Buchtel, and Santucdil989 presented spatially informative pe- spatial attention from vision to touch should be reflected in similar
ripheral visual or tactile precues prior to the onset of peripheralalthough possibly smaller attentional effects on somatosensory ERPs
visual (Experiment 1 or tactile target§Experiment 2 and found  when attention is directed to the location of visual stimuli.
that targets were detected more quickly when they were presented In a pilot study for the present experiment, ERPs were recorded
at the cued side, regardless of cue modality. However, this findingn a situation where single tactile and visual stimuli were presented
does not provide unequivocal evidence for cross-modal links inn random order on the left or right side. Attention had to be
spatial attention between vision and touch. Because the target mdirected to the left or right within either vision or touch to detect
dality was fixed and the peripheral precues were informative, thisnfrequent targets of this relevant modality at the attended location.
study may have induced an endogenous shift of spatial attentiohe currently irrelevant modality could be completely ignored.
within just the relevant target modality, regardless of the modalityERP evidence for the existence of cross-modal links from touch to
of the cue(see Driver & Spence, 1994, for further discussion of vision was indeed found. When compared with unattended stimuli,
this problem. visual stimuli at attended locations elicited larger occipital N1
Spence, Pavani, and Drivén press, Experiment)3rovided = components and an enhanced negativity at midline electrodes not
the first clear behavioral evidence for cross-modal links in endog-only when vision was relevant but also when touch was relevant.
enous spatial attention between vision and touch. Participants madéowever, a very different pattern of results was obtained for so-
an elevation discrimination in response to visual and tactile targetsnatosensory ERPs. Although enlarged negativities for attended
presented on the left or right side. In different blocks, one targetactile stimuli were observed when touch was relevant, no atten-
modality was more likely than the other, and targets within thistional ERP modulations were elicited when vision was relevant
primary modality were highly likely to appear on one side, whereasand tactile stimuli could be ignored. These findings may suggest
targets of the secondary modality were somewhat more likely to béhe existence of asymmetrical links in spatial attention between
presented on the opposite side. Participants were instructed tgsion and touch, with vision being affected by tactile attention but
direct their attention to the expected location of primary modalitynot vice versa. An immediate problem for this interpretation was
targets while leaving attention within the secondary modality dif-posed by Spence et al.& pres$ behavioral demonstration of
fuse. RTs were faster for stimuli presented on the side attended isymmetrical cross-modal links between vision and touch. In their
the primary modality, both for the primary and secondary modal-study, effects of tactile-spatial attention on visual discrimination
ity, regardless of whether touch or vision was primary, indicatingwere equivalent to the effects of visual-spatial attention on tactile
atendency for spatial attention to shift together in these modalitiesdiscrimination latencies.
However, attentional effects were larger for the primary modality, There is however a potentially important difference between
suggesting that spatial orienting within touch or vision affectsthe Spence et alin pres$ study and our ERP pilot experiment. To
processing for the other modality in an attenuated fashion, as predemonstrate effects of visual-spatial attention on tactile discrimi-
viously found for audiovisual links in spatial attentioBimer & nation, Spence et al. obviously had to instruct participants to re-
Schréger, 1998; Spence & Driver, 1996 spond to visual as well as to tactile stimuli. In contrast, in our pilot
If there are symmetrical cross-modal links in spatial attentionstudy, where visual-spatial attention failed to affect somatosensory
between vision and touch, this linkage should be reflected in atERPs, none of the tactile stimuli required any response, that is,
tentional ERP modulations comparable to the ERP effects obtouch could be completely ignored when vision was relevant. The
served in unimodal studies. For visual ERPs, spatial attention isame applied for the visual-auditory study of Eimer and Schroger
known to result in amplitude modulations of occipital P1 and N1 (1998, and yet cross-modal effects were apparent in the visual and
component$Eason, 1981; Eimer, 1994; Mangun, Hillyard, & Luck, auditory ERPs. Nevertheless, the possibility should be considered
1993 and in enhanced negativities for attended stimuli at midlinethat tactile information processing is special in that tactile stimuli
electrodegEimer, 1996; Eimer & Schroger, 199&\ttentional P1  can be decoupled from spatial attention in other modalities when
and N1 modulations are interpreted as evidence for perceptudghey can be completely ignored but not when they remain poten-
sensory gating processes within visual percepfiangun, 1995 tially relevant for responding. In contrast, cross-modal links in
whereas the later effects may primarily reflect attentional modu-ision and audition may be present regardless of the response
lations of postperceptual process&mer, 1998; Mangun & Hill-  relevance of visual and auditory stimuli.
yard, 199). If there are cross-modal links in spatial attention from  This hypothesis was put to test in the present experiment by
touch to vision, similar although perhaps attenuated effects omomparing attentional modulations of visual and somatosensory
visual ERPs should be found when attention is directed to theeRPs in three different task conditions. Tactile and visual stimuli
location of tactile stimuli. Similar predictions can be made for were presented randomly and with equal probability on the left or
somatosensory ERPs, although only relatively few researchers taght side. Participants were instructed to attend to the left or right
date have investigated unimodal ERP effects of spatial attention iside for an entire experimental block and to respond to infrequent
the somatosensory modality. Michi@984 found enhanced neg- target stimuli. In the judge-vision condition, only visual targets at
ativities for tactile stimuli at attended locations that were largest atittended locations required a response and tactile stimuli could be
central electrodes contralateral to the stimulated side. The somantirely ignored. In the judge-touch condition, only tactile targets
tosensory N1 componeiitnean latency= 130—-150 mswas not  at attended locations required a response and visual stimuli could
affected by spatial attention, but attentional negativities overlappetie entirely ignored. A third conditiorfvision-primary'touch-
with the subsequent P2 and N2 components. In other studies, reecondarywas identical to the judge-vision condition except that
searchers found attentional N1 modulations, with larger N1 comyparticipants now also had to respond to rare target stimuli regard-
ponents elicited by tactile stimuli at attended locati¢@arcia- less of their location. Thus, although participants still had no rea-
Larrea, Lukaszewicz, & Mauguiere, 1995; Michie, Bearpark, son to focus tactile attention on just the side that was relevant for



Cross-modal links in attention between vision and touch 699

vision, as for the judge-vision condition, they could no longer LEDs consisting of six segments arranged in a circle plus one
entirely ignore touch because they occasionally had to response teentral segment. The angular size of each LED was Q&% the
tactile targets on either side. To keep vision the primary modalitydiameter of the circle was 2.4A small black cross printed on
and to ensure focused attention to just one side within vision, eachaper and attached to the central loudspeaker at an angle of about
block contained 12 visual targets at the attended location but onl30° below eye level served as the fixation point. The two tactile
three tactile targets on the left side and three tactile targets on th&timulators and the two LED ensembles were placed on a table 25
right. to the left or right of the central fixation cross at a viewing distance
If there are cross-modal links in spatial attention from touch toof about 45 cm from the participant’s eyes.
vision, attentional modulations of visual ERPs in the judge-touch Tactile nontarget stimuli consisted of one rod tip contacting the
condition should be similar to the effects observed in the judgeparticipant’s index finger for 200 ms. Tactile target stimuli had a
vision condition. For somatosensory ERPs, attentional modulagap, where this continuous contact was interrupted for 10 ms after
tions were expected for the judge-touch conditidhthere were  a duration of 95 ms. Visual nontarget stimuli consisted of the
symmetrical cross-modal links between vision and touch, similarcontinuous illumination of one LED ensemble for 200 ms. For
effects should be seen in the judge-vision condition. In contrast, n@isual target stimuli, which like the tactile targets included a gap,
such effects of visual-spatial attention on somatosensory ERPte LED ensemble was illuminated for 95 ms, turned off for 10 ms,
should be elicited if touch could be decoupled from attentionaland illuminated again for 95 ms. Vocal response onset times were
orienting within vision whenever tactile stimuli can be completely measured with a voice key.
ignored. However, if touch cannot be decoupled from visual-
spatial attention in this way when it remains potentially responseProcedure

relevant, as in the behavioral study of Spence ef(ial.press, The experiment consisted of 24 experimental blocks of 96 trials
attentional effects on somatosensory ERPs should become appaach, with an intertrial interval of 1,000 ms. In 72 trials, visual or
ent in the vision-primantouch-secondary condition. tactile nontargets were presented with equal probability and in

random order on the left or right side. In the remaining randomly
intermingled 24 trials, visual and tactile stimuli with gaps were

Methods presented. Three task conditions were delivered, each consisting of
. eight successive blocks. In the judge-vision condition, the task was
Participants to respond vocallyby saying “yes} whenever a visual gap target

Fourteen paid volunteers participated in the experiment. One_ Afas presented at the attended locatieft or right). In the judge-
them had to be excluded because of a large number of eye blinkg ., condition, the task was to respond vocally whenever a tactile
dur.ln.g trials, and one was excluded because of exceasivave gap target was presented at the attended localisnor right). In
activity. Thus, 12 participant& womer), 22-39 years of agiMl = these two conditions, 18 gap stimuli in the relevant modali®/at

26.5 yearsremained in the sample. Ten participants were right-yhe aitended side that required a response and 6 at the unattended
handed, two were left-handed, and all had normal or corrected-tos-ide plus 6 gap stimuli in the irrelevant modalit left, 3 right

normal vision. were delivered. In the vision-primaftouch-secondary condition,
stimulus probabilities were identical to the judge-vision condition,
Stimuli and Apparatus as were the instructions except that participants now also had to

Participants sat in a dimly lit experimental chamber with a headrespond whenever a tactile target was detected on either side. It
mounted microphone positioned about 2 cm in front of the mouthwas emphasised that tactile targets were infrequent and would
Tactile stimuli were presented using two 12-volt solenoids thatappear with equal probability at the attended and unattended side.
drove a metal rod with a blunt conical tip through a small hole ontoEach of the three task conditions consisted of four blocks where
the outside of the index fingefsee Spence, Nicholls, Gillespie, & participants had to attend in the primary modality to the left side
Driver, 1998. The rods made contact with the pad of the partici- and four blocks where they attended to the right. These were
pant’s index finger whenever a current was passed through thgresented in random order. The order in which the three task con-
solenoid. The rods and fingertips were occluded so that particiditions were delivered was balanced across participants. Instruc-
pants could not see any movements of the rods. White noise wagons specifying the task-relevant modality and the attended location
presented from the central loudspeaker at 72.6AdBas measured were displayed on a computer screen prior to the start of each
from the participant’s head, throughout the experimental blocks tdlock.
mask any sounds made by the operation of the tactile stimulators. Participants were instructed to respond as quickly and accu-
Visual stimuli were presented by illuminating an ensemble of greerrately as possible and to maintain central eye fixation throughout
the blocks. Several training blocks were presented prior to the
beginning of the first experimental block. Eye movements were
1In previous unimodal spatial attention studies, somatosensory ERP§lOSely monitored during these training blocks. Whenever the hor-
were elicited by electrical stimulation of the fingertips, whereas tactile izontal electrooculograrfEOG) revealed that participants did not
stimu_li were delivere(_j by punctators in the present study. Because thenaintain central eye fixation, they were reminded again of the
amplitudes and latencies of somatosensory ERP components depend on Wgcessity of continuously fixating on the central cross throughout

type and intensity of tactile stimulation, previous results allow no clear . . .
prediction with respect to the exact latencies of attentional ERP effects. wéan experimental block. Additional training blocks were presented

expected to find enhanced negativities elicited by tactile stimuli at attendedintil fixation control was regarded as satisfactory.
locations in the N1, P2, and N2 time range when touch was relevant.
Therefore, two rather broad latency windows were defined for the analySiPecording and Data Analysis

of somatosensory ERPs. The early time interval ranged from 140 ms t .
200 ms poststimulus and was expected to overlap with the somatosensol e electroencephalogratEEG) was recorded with AAGCI

N1, and the later time window, ranging from 200 ms to 280 ms poststim-€lectrodes and linked-earlobe reference from Fpz, Fz, Cz, Pz,
ulus, was expected to include the P2 and N2 components. C3, and C4(according to the 10-20 systenand from OL and
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OR (located halfway between O1 and T5, and O2 and T6, re-Results
spectively. Horizontal EOG(HEOG) was recorded bipolarly from  genavioral Performance

the outer canthi of both eyes. The impedance was kept below 1Qsca| RTs to visual target stimulineasured relative to the onset of
kQ for the EOG electrodes and below $)Kor all other elec-  he target-defining gapwere 485 ms and 479 ms in the judge-
trodes. The amplifier bandpass was 0.1-40 Hz. EEG and EOGjsjon and vision-primargtouch-secondary conditions. Response
were sampled with a digitization rate of 200 Hz and stored onmes to tactile targets were 448 ms and 544 ms in the judge-touch
disk. Vocal response onset times were measured for each remq vision-primarytouch-secondary conditions. Tactile RTs in the
sponse to detected gap targets. judge-touch condition were faster than visual RTs in the judge-
EEG and EOG were epoched offline into 800-ms periods startyisjon conditionF (1,11 = 6.85,p < .024. Tactile responses were
ing 100 ms prior to and ending 700 ms after the onset of thester in the judge-touch condition than in the vision-printary
stimulus. Only EEG epochs obtained for nontarget trials were furtouch-secondary conditior;(1,11) = 98.65,p < .001. Impor-
ther analyzed, to avoid contamination by vocal responses. Trial§am|yl responses to tactile targets in the vision-prirjamych-
with eyeblinks(Fpz exceedingt60 uV relative to 100-ms pre-  gecondary condition were faster for stimuli presented at visually
stimulus baseling horizontal eye movement$iEOG exceeding  attended locations than for those presented at visually unattended
+30 wV relative to baseling other artifactga voltage exceeding locations(511 ms vs. 577 msF (1,11 = 32.38,p < .001, con-
460 wV at any electrode location relative to basejiner vocal  firming the behavioral cross-modal link documented by Spence
responses recorded on nontarget trials were excluded from analyy ). (in press.
sis. The EEG to the nontarget stimuli was averaged separately for participants missed visual targets in the judge-vision and vision-
all combinations of stimulus modalitiwision vs. touch, stimulus primary/touch-secondary conditions significantly more oft&6.2%
location(left vs. right, task(judge-vision vs. judge-touch vs. vision-  and 11.3%, respectivelythan they missed tactile targets in the
primary/touch-secondajyand attended locatiofleft vs. right, judge-touch conditior{0.6%, botht(11) > 4.6, bothp < .001.
resulting in 24 ERP waveforms for each participant and electrodggrticipants missed 4% of all tactile targets in the vision-primhary
site. After averaging, HEOG waveforms were scored for any syStoych-secondary condition, which was more than were missed in
tematic deviations of eye position, indicating residual tendencies tgng judge-touch task(11) = 3.39,p < .006. More tactile targets
move the eyes to the location of target stimuli. A residual EOGyere missed in the vision-primaftpuch-secondary condition on
deviation exceeding-2 uV would lead to the disqualification of e unattended sidé.6% than on the attended sid&.4%9, t(11) =
participants. 2.31,p < .041. The rate of false alarms to nontarget stimuli was

All ERP measures were taken relative to the mean voltage ofios 0.129, and 1.4% in the judge-vision, judge-touch, and vision-
the 100-ms prestimulus baseline interval, and all latencies are giveSrimary/touch-secondary conditions, respectively.

relative to stimulus onset. Mean amplitude values were computed
separately for visual and somatosensory ERPs within prespecifieBffects of Spatial Attention on Visual ERPs
time windows. For visual ERPs, the following latency windows Figure 1(left half) shows ERPs elicited by visual stimuli at lateral
were used: P1, 90-130 ms for lateral occipital sites; N1, 160-occipital electrodes in the judge-vision, judge-touch, and vision-
210 ms for lateral occipital and midline sites; and Nd, 210—-280 msrimary/touch-secondary conditions. Larger occipital P1 and N1
for lateral occipital and midline sitg3 For somatosensory ERPs, components were elicited by visual stimuli at attended locations in
two latency windows were analyzed separately for lateral centrahll three task conditions. This was reflected in main effects of
and midline electrodes: early NdNde: 140—-200 msand late Nd  spatial attention for P1 amplitudes(1,11) = 17.16,p < .002, and
(Ndl: 200—280 ms Separate repeated measures analyses of varior N1 amplitudesfF(1,11) = 9.86,p < .009. No Spatial atten-
ance(ANOVAs) were performed on ERP mean amplitude valuestion X Task interaction was obtained for P1 amplitudes, and sub-
obtained at midline and at lateral recording sites for the vari-sequent ANOVAs conducted separately for each task revealed
ables tasKjudge-vision vs. judge-touch vs. vision-primgtguch-  attentional P1 modulations for all three task conditionsi-&ll, 11)
secondary, spatial attentionattended vs. unattended locatipn >5.3, allp < .042. A Spatial attentiorx Task interaction was
stimulus sidgleft vs. righd, and electrode locatiofFz vs. Cz vs.  present for N1F (2,22 = 4.65,p < .029,e = 0.829; attentional
Pz for midline electrodes, left vs. right for lateral electrodes modulations for this component were largest in the judge-vision
Separate ANOVAs were also conducted for each task conditioncondition and smallest in the judge-touch conditiigure 1, left
When appropriate, Greenhouse-Geisser adjustments to the degreef). However, separate follow-up ANOVAs showed significant
of freedom were performed, and the adjugtedlues are reported. attentional N1 effects for all three tasks, &ll1,11) > 5.0, allp <
One-tailed paired tests were performed to investigate predicted.047. No significant Spatial attentiohStimulus sidex Electrode
spatial attention effects at single midline sites. Nonsignificant termdocation interactions were present for P1 and N1 amplitudes, sug-
and results trivially due to stimulus and anatomical laterality aregesting that effects of spatial attention were similar at contralateral
not reported. For the vocal responses, repeated measures ANOV/Asd ipsilateral occipital electrodésee Figure 1, left In the Nd
were performed on response latencies for the variables task artine range(210—-280 ms poststimulysa main effect of spatial
stimulus side, and pairetl tests were conducted on arcsine- attention at lateral occipital site6(1,11) = 6.41,p < .028, was
transformed error rates. accompanied by a highly significant Spatial attentiorTask in-
teraction,F(2,22 = 13.98,p < .001,¢ = 0.855. As can also be
seen in Figure 1left side, enhanced negativities for attended as
2The termNd is usually employed in the context of difference wave- compared with unattended stimuli were present in the judge-vision
forms, where it refers to the negative difference obtained when subtractingnd the vision-primaritouch-secondary conditions, bdti1,11 >

ERPs to unattended stimuli from ERPs to attended stimuli, reflecting any 7, bothp < .02, but not in the judge-touch conditiéRigure 1,
enhanced negativity elicited by attended relative to unattended stimuli irll ft half)

the unsubtracted waveforms. We were expecting to obtain such attention § S . o . .
negativities within the Nd analysis intervals as defined for visual and ~ Figure 2 shows visual ERPs elicited in the three task conditions

somatosensory ERPs. at midline electrodes together with the resulting attended minus




Cross-modal links in attention between vision and touch 701

Visual Stimuli Tactile Stimuli

CONTRALATERAL IPSILATERAL CONTRALATERAL IPSILATERAL
-3V 1

“"""’VV| %l_

Judge
Vision ?

Vision
Primary

Location:

—— Attended
------------ Unattended

Figure 1. Left: Grand-averaged visual ERPs elicited in the Judge-Vision condition, Judge-Touch condition, and Vision/Primary
Touch-Secondary condition, by visual stimuli at attended locatieakd lineg and unattended locatioridashed lines at occipital

sites contralateral and ipsilateral to the side of stimulus presentation. Right: Grand-averaged somatosensory ERPs elicited in the
Judge-Touch condition, Judge-Vision condition, and Vision-Prigtitaych-Secondary condition, by tactile stimuli at attended loca-
tions(solid lines and unattended locatiof@ashed lines at central sites contralateral and ipsilateral to the side of stimulus presentation.

unattended difference waveforms. When compared with unattendeiffects of Spatial Attention on Somatosensory ERPs
stimuli, visual stimuli at attended locations elicited an enhancedigure 1(right half) shows ERPs elicited in the three task condi-
negativity that started around 140 ms poststimulus. This effections by tactile stimuli at central electrodes ipsilateral and contra-
lasted considerably longer in the judge-vision and vision-prighary lateral to the stimulated hand. Relative to unattended stimuli, attended
touch-secondary conditions that in the judge-touch condition andtimuli elicited an enhanced negativity that started around 140 ms
was followed by an enhanced positivity for attended relative topoststimulus and overlapped with the somatosensory N1 at ipsilat-
unattended stimufi.In the N1 time range, a main effect of spatial eral electrodes. This effect seems largest in the judge-touch condi-
attention,F(1,11) = 6.54,p < .027, was accompanied by a Spatial tion, smaller in the vision-primayyouch-secondary condition, and
attentionx Electrode interactiof,(2,22 = 6.83,p < .020,¢ = absent in the judge-vision condition. A main effect of spatial at-
0.565. No significant attentional effects were obtained at Fz. At Czention was found in the Nde interval40—-200 ms poststim-
and Pz, larger negativities for attended stimuli were present for alulus), F(1,11) = 19.9,p < .001. This effect was present in the
three task conditions,al(11) > 1.9, allp < .04. In the Nd latency  judge-touch condition and in the vision-primgtyguch-secondary
window (210-280 ms poststimulysmain effects of spatial atten- condition, bothF(1,11) > 5.67, bothp < .036, but not in the judge-
tion were present at midline siteB(1,11) = 4.83,p < .05, re-  vision conditionF < 1 (Figure 1, right. In spite of this difference,
flecting enhanced negativities for attended stimuli. Notably, thisno significant Spatial attentior Task interaction was obtained in
effect was accompanied by a highly significant Spatial attention the Nde time window. Between 200 and 280 ms poststim(a
Task interactionF (2,22 = 8.44,p < .008,e = 0.636. Significant  latency rangg a main effect of spatial attentiof,(1,11) = 20.0,
attentional effects were obtained for all three midline sites in thep < .001, again reflecting enhanced negativities elicited by tactile
judge-vision condition, alt(11) > 2.5, allp < .014, and for Cz  stimuli at attended locations, was accompanied by a highly signif-
and Pz in the vision-primayyouch-secondary condition, both icant Spatial attentior Task interactionf- (2,22 =9.12,p < .005,
t(11) > 1.95, bothp < .039. In contrast, no attentional ERP €= 0.675. In this time range, attentional ERP modulations were elic-
modulations were present in the Nd time window for the judge-ited in the judge-touch and vision-primaitpuch-secondary con-
touch condition(Figure 2. ditions, both~ (1,11 > 11.5, bothp < .006, but they were entirely
absent in the judge-vision conditioR,< 1, (Fig. 1, righ). No sig-
nificant AttentionX Stimulus sidex Electrode location interactions
3This late positivity may in part reflect a P300 elicited in response to were found at lateral central electrodes within either analysis win-

events at attended locations because these events require Atangatget ~ doW, indicating that effects of spatial attention were of similar size
classification. at contralateral and ipsilateral sites.
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Figure 2. Grand-averaged visual ERPs elicited at midline electrodes in the Judge-Vision condition, Judge-Touch condition, and
Vision-Primary Touch-Secondary condition, by visual stimuli at attended locatisn#d lines and unattended locatiorislashed

lines). Right: Difference waveforms obtained at midline electrodes by subtracting ERPs to visual stimuli at unattended locations from
ERPs to visual stimuli at attended locations in the Judge-Vision conditi@rk solid lineg, Judge-Touch conditiofdashed lines and
Vision-Primary Touch-Secondary conditiofthin solid lines.

Figure 3 shows somatosensory ERPs elicited in the three tasfion and in the vision-primartouch-secondary condition at all
conditions at midline electrodes together with the resulting at-three midline sites, ali(11) > 2.4, allp < .018, but were absent
tended minus unattended difference waveforms. When compared the judge-vision conditioriFigure 3.
with unattended stimuli, tactile stimuli at attended locations elic-  The attentional modulations observed for somatosensory ERPs
ited an enhanced negativity that started around 130 ms poststinin the NdI latency range at midline and lateral central electrodes
ulus. This effect was largest in the judge-touch condition, smallemvere further investigated by ANOVAs including only data ob-
in the vision-primarytouch-secondary condition, and apparently tained in two of the three task conditions. When the judge-touch
absent in the judge-vision condition. Main effects of spatial atten-condition and the vision-primayfyouch-secondary condition were
tion were present in the Nde as well as in the NdI latency windowsanalyzed together, significant Spatial attentioifask interactions
F(1,11) = 8.55 and 18.81p < .014 and .001, respectively. In the were obtained at midline site5(1,11) = 6.4,p < .028, and lateral
Nde time window, this effect was accompanied by a Spatial atteneentral electrodes;(1,11) = 5.61,p < .037, demonstrating that
tion X Electrode interactior; (2,22 = 13.32,p < .001,e = 0.820,  attentional effects were attenuated in the vision-pririanych sec-
and a Spatial attentio” Task X Electrode interactiorf (4,44 = ondary condition relative to the judge-touch condition. When the
3.39,p < .037,e = 0.641. Further analyses showed no significant vision-primary'touch-secondary condition and the judge-vision con-
attentional effects at Fz. At Cz and Pz, attentional modulationdition were analyzed together, Spatial attentiomask interactions
were present in the judge-touch condition and the vision-prifhary were again obtained at midline sit€g1,11) = 5.19,p < .044, and
touch-secondary condition, all11) > 2.07, allp < .032, but lateral central electrodeB,(1,11) = 7.23,p < .021, reflecting the
importantly were absent in the judge-vision conditidgfigure 3. fact that attentional negativities were present in the vision-prifnary
In the NdI latency range, a Spatial attentisnElectrode inter-  touch-secondary condition but not in the judge-vision condition.
action, F(2,22 = 8.97,p < .003, e = 0.808, indicated that at-
tentional negativities were largest at Cz. In addition, a SpatialDiSCussion
attentionx Task interactionF (2,22 = 8.91,p < .005,¢ = 0.700,
and a Spatial attention Task X Electrode interactiorf (4,44 = The aim of this ERP study was to investigate cross-modal links in
5.83,p < .018,e = 0.378, were present. Subsequetaists showed endogenous spatial attention between vision and touch. Recent
that significant NdI effects were present in the judge-touch condibehavioral evidencéSpence et al., in pressuggests a tendency
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Figure 3. Grand-averaged somatosensory ERPs elicited at midline electrodes in the Judge-Touch condition, Judge-Vision condition,
and Vision-PrimaryTouch-Secondary condition, by tactile stimuli at attended locatisolid line9 and unattended locatioridashed

lines). Right: Difference waveforms obtained at midline electrodes by subtracting ERPs to tactile stimuli at unattended locations from
ERPs to tactile stimuli at attended locations in the Judge-Touch conditick solid lines, Judge-Vision conditiofdashed lines and
Vision-Primary Touch Secondary conditiofthin solid lines.

for spatial attention to shift together in vision and touch. In the280 ms poststimulysspatial attention effects were only present
present experiment, visual and tactile stimuli were presented equivhen vision was relevant; they were absent when attention was
probably on the left or right sides, and ERPs to nontarget stimuldirected to the location of tactile stimuli. Overall, this pattern of
were compared for attended versus unattended locations in eachsults suggests that cross-modal links from touch to vision in
modality under conditions when the respective modality was eitheendogenous spatial attention primarily affect early stages of visual
task relevant or irrelevant. processing. The cross-modal effects observed for visual ERPs in
For visual ERPs, modulations by spatial attention of occipitalthe present study are similar to the effects reported by Eimer and
P1 and N1 components and enhanced negativities for attendeSichrogef1998 in a study of cross-modal links in spatial attention
stimuli at midline and occipital electrodes were obtained whenbetween audition and vision, where attentional modulations of
vision was relevant. Similar modulations by spatial attention wereoccipital N1 components plus increased negativities at midline
present when touch was task relevant instead, with larger occipitalectrodes were similarly found when attention was directed to the
P1 and N1 components and enhanced midline negativities in theacation of auditory stimuli.
N1 time range(160—-210 ms poststimulug$or visual stimuli pre- For somatosensory ERPs, the pattern of results obtained in the
sented at locations that were attended for touch, thus demonstratresent study is more complex. When only touch was task relevant,
ing cross-modal links. Our finding that spatial attention to the spatial attention was reflected by enhanced negativities at midline
location of tactile stimuli produced systematic modulations of vi- and lateral central electrodes between 140 ms and 280 ms post-
sual ERPs between 100 ms to 200 ms poststimulus provides evstimulus, overlapping with the somatosensory N1 component at
dence for the existence of cross-modal links in spatial attentionipsilateral central electrodes. In contrast to the cross-modal influ-
between touch and visighin the Nd latency windowm210—  ences seen on visual ERPs, no significant attentional modulations

4These early spatial attention effects on visual ERPs could in parfparticipants were strongly instructed to keep fixating on the central cross,
result from undetected deviations from central fixation. In a sustainedseveral training blocks were presented prior to EEG recording where eye
spatial attention situation, some participants may move their eyes towardfxation was closely monitored, and if necessary fixation instructions were
the attended location prior to or at the beginning of some experimentatepeated, this possibility cannot be completely ruled out. Deviations in
blocks and may remain fixated on this position. Such gaze deviations argaze control cannot, however, account for the effects of spatial attention on
notoriously difficult to detect on the basis of HEOG recordings. Although somatosensory ERPs.
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were found for somatosensory ERPs in the judge-vision conditiorare found even when the modality in question is entirely task
when touch was entirely response irrelevant. This finding repli-irrelevant (Eimer & Schroger, 1998 indicating that visual and
cates the results obtained in our pilot study. The null influence ofauditory processing cannot be completely decoupled from spatial
visual-spatial attention on somatosensory ERPs in the judge-visioattention. Similarly, visual ERPs showed modulation by spatial
condition appears to be in conflict with the behavioral results ofattention to tactile stimuli in the judge-touch condition, indicating
Spence et al(in press, who found unequivocal psychophysical that vision cannot be decoupled from spatial orienting within an-
evidence for symmetric links between vision and touch. Howeverpther modality. In contrast, visual-spatial attention leaves somato-
their psychophysical measures required that events in both modasensory ERPs unaffected when touch is task irrelevant. We can
ities always received a response, whereas tactile events were eonly speculate about the functional significance of this difference.
tirely response irrelevant in the judge-vision condition. ConsiderationThe presence of asymmetrical links in spatial attention between
of this difference raised the possibility that touch may be decouvision and touch could reflect differences in the precision of spatial
pled from visual-spatial attention whenever tactile stimuli can becoding between these modalities. Because of the superior spatial
entirely ignored yet may be linked cross-modally whenever tactileprecision within vision, tactile coordinates may be remapped onto
stimuli are potentially response relevant, as in Spence e{pis  visual space when attention is directed within touch but not vice
chophysical studies. The present experiment produced supportiweersa. If this were the case, one should predict similar asymmetries
evidence for this hypothesis. Although attentional modulations ofbetween vision and audition, a prediction not supported by current
somatosensory ERPs were absent in the judge-vision conditiordata(Eimer & Schroger, 1998; Spence & Driver, 1998lterna-
clear attentional effects on somatosensory ERPs were elicited itively, one may argue that audition and vision cannot be decoupled
the vision-primarytouch-secondary condition, which was identi- from cross-modal links because these two modalities both process
cal in all respects to the judge-vision condition except that partici-distal information across considerable distances and from similar
pants now also had to respond to rare tactile targets that wergources. By contrast, touch is a more proximal se@ieson,
equally probable on the left and right. In this condition, tactile 1966 that only codes information from objects in direct contact
stimuli at attended locations elicited enhanced negativities at latwith the body surface. In many situations in daily liig., when
eral central and at midline electrodes. Between 140 and 200 mstudents sit in a lecture thear@ngoing tactile information from
poststimulus, these effects were comparable in size to the effecthe body as it rests in place is irrelevant to the more distant events
obtained in the judge-touch condition. Beyond 200 ms, they weré¢o which the person attend®.g., the sight and sounds of the
attenuated but still clearly present. lecture) and should be filtered out. One way to achieve this fil-
This pattern of results lends support to the idea that althougltering may be to prevent spatially selective modulations of soma-
the distribution of spatial attention within vision leaves tactile tosensory processing by decoupling any links that exist with spatial
processing unaffected when tactile stimuli can be entirely ignoredattention in other modalities, except when somatosensory infor-
the modalities become linked if touch becomes potentially re-mation becomes potentially task relevant.
sponse relevant. The vocal performance in response to tactile tar- Overall, the present experiment provides the first ERP evi-
gets in the vision-primartouch-secondary condition showed an dence for cross-modal links in endogenous spatial attention from
analogous influence of visual-spatial attention, replicating the linktouch to vision and provided that tactile stimuli are potentially
between visual attention and touch that was demonstrated behakesponse relevanfrom vision to touch. These findings fit with
iorally by Spence et alin pres$ when touch was response rele- the recent psychophysical results of Spence é€inapress. They
vant. These findings emphasize the value of ERPs for the study ahay also relate to the multimodal neurons recently observed in
attentional mechanisms. In contrast to behavioral measures, ERRB$e primate brain by single-unit recording in monkeys. Neurons
can be recorded under conditions of fully focused attention whernn posterior parietal cortex and ventral premotor cortex have
unattended stimuli are entirely response irrelevant. In the preseriteen found that respond to both tactile and visual stimulation
study, cross-modal links from vision to touch could only be ob-from similar locations in external spa¢@raziano & Gross, 1996
served when touch was potentially relevant but not when attentioft seems plausible that such neurons may be involved in estab-
was fully focused within vision. This insight could not have been lishing the cross-modal links in spatial attention between vision
obtained exclusively on the basis of behavioral measures and thnd touch that are reflected by attentional modulations of visual
adds to the psychophysical results of Spence et al. and qualifieend somatosensory ERPSs, as observed in the present study. The
their conclusions. fact that such cross-modal modulations can be seen in relatively
The results obtained for somatosensory ERPs suggest that touelarly sensory ERP components raises the possibility that back-
is functionally different from both vision and audition with respect projections, from multimodal neurons to unimodal neurons ear-
to cross-modal links in spatial attention. Modulations of visual andlier in the processing stream may also play a role in the cross-
auditory ERPs by spatial attention directed in the other modalitymodal links we have documented.
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