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Abstract

Visual conjunctionsearchs proposedo be a multicomponenprocesswhich involvesscalingandsuccessivehifts of attentionin space
aswell asobjectidentibcationHere,we brstmappedorain areassustaininghe proposedttentionalsubprocessesndthentestedwhether
their activity wasmodulatedby searchioad, i.e., the numberof shifts, aspredictedby serialsearchmodels.Searchoad was manipulated
indirectly by precueinga varying numberof locationsat which relevantobjectswere shown.Multiple subregionswithin the intraparietal
sulcus(IPS) and the prefrontal cortex were activatedafter cueing.Activity in the right posteriorlPS was modulatedby the distanceof
attentionshifts andin the left posteriorlPS by OzoomingutOto covera largeregion of the visual Peld. More anteriorsubregionsof the
left IPSrespondedo objectidentibcatiorirrespectiveof theneedfor serialscanningCorrespondingegionsin theright IPSweremodulated
parametricallywith respecto searchioad, alongwith the right temporoparietajunction. Theseresultssupporta functional segregatiorof
subregionf the IPS. The posteriorregionsparticipatein large-scaleshifts andscalingof the attentionalfocusandthe anteriorregionsin
objectidentibcationand rapid serial shifts during search.The sustainedactivationin the frontal eye beldsafter cueingsuggests role in
maintainingattentionin the periphery. Togethewith the Pndingsin earlyvisualareadrom this experimen{Muiller etal., 2003)the current
observationgrebestaccountedor by hybrid modelsof visual conjunctionsearchwhereparallelprocessingn visualandtemporoparietal
regionsand serial scanningcontrolledby the right IPS cooperate.
© 2003ElsevierInc. All rights reserved.

Introduction

Classicalpsychophysiologydistinguishestwo types of
visual search(Treismanand Gelade,1980; Nakayamaand
Silverman, 1986). When an object carries a unique and
salientfeature(like areddot amonggreendots),it popsout
and searchtime is independentof the number of other
objectspresentedat the sametime. In this case,searchis
proposedto be conductedin parallel without the needof
attention.However,whenan objectis distinguishabldrom
othersonly by the conjunctionof two stimulusdimensions
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(e.g., a red circle amongred squaresand greencircles),
searchtime typically increasesas the numberof objects
presentecbecomedarger. Therefore,it hasbeenproposed
that visual conjunction searchis conductedserially, by
deployingattentionto one objectO®cation after the other.
In the serial account,conjunctionsearchis a multicompo-
nentprocesghatinvolvesshifting of theattentionafocusto
an objectOgocation, perceptualanalysisof the object in-
cluding feature binding and comparisonwith a memory
template anddisengagemerandreorientingof the focusin
spaceTheseprocesseareassumedo proceeduntil thelast
elementis reachedor the targetis recognized.
Severalresearchersave suggestedhat an additional
zoomingprocessscaleghe sizeandresolutionof the atten-
tion focus.If, for examplelikely locationsfor thetargetare
knownin advancethenattentionis assumedo be scaledto
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coversolely the relevantregion (Greenwoodand Parasura-
man,1999;Luo etal.,2001;Muller etal.,2003).Moreover,
during search attentionhasto be adjustedwith respectto
thesizeof anobject(LambandYund, 1996)or it maygrasp
more than one object at a time (Grossberget al., 1994).
Attention during searchthereforemay operatdike a zoom
lengOthatis eithernarrowedor, atthe expensef resolution,
is distributed over a wide area (Eriksen and Yeh, 1985;
Eriksenand St James1986; Castielloand Umilta, 1990).

Other, contrasting models (Duncan and Humphreys,
1989; Desimoneand Duncan, 1995) have challengedthe
above dichotomy betweenparallel and serial searchby
proposinghatall kindsof searchtaskscanbeaccomplished
by a parallel, competitivemechanismIn the caseof con-
junction searchthis mechanismwould simply be lessefb-
cientthanwith featuresearchbut not qualitativelydifferent.

Recentlesion, electrophysiological transcranialmag-
neticstimulation,andimagingstudies however haveled to
arevival of thenotion of spatiallyserialsearchmechanisms
(see Chelazzi, 1999, for a review). As serial models of
conjunctionsearchproposespatialshifts to be crucial dur-
ing searchthe samecortical areasshould be activatedin
conjunction searchand spatial orienting, but not during
single featuresearch.Indeed,severalstudiesreportedthis
relation(Corbettaetal., 1995;Corbettaand Shulman,1998;
Donneretal., 2000a) Spatialorientinginducedby a cueand
conjunctionsearciN but not simple feature searciN acti-
vatedregionsin the posteriorparietal cortex, namely, the
anteriorand posteriorpart of the intraparietalsulcus(IPS),
thelPSjunctionwith thetransvers@ccipitalsulcus(IPTO),
and the frontal eye belds (FEF). Together,thesestudies
suggest strongoverlapbetweencortical areascontrolling
eyemovements/overattentionshifts and covertspatialori-
enting (Luck, 1994; Corbetta,1998; Corbettaet al., 1998;
Nobreetal., 2000;PerryandZeki, 2000;Beauchampetal.,
2001; Gitelmanet al., 2002).

However,whetherthe activationobservedn the fronto-
parietal network during conjunctionsearchindeedref3ects
serial scanningof object locationsor other processesn-
volved in the taskremainsunclear(Chelazzi,1999). After
all, evenin serialmodelsconjunctionsearchinvolves sev-
eralnonspatiaprocessessuchasobjectidentibcation,com-
parisonof theattendedbjectwith thetargetobjectstoredin
working memory, decisionmaking, and motor responses.
Although Corbettaet al. (2000)andHopPngeret al. (2000)
reportedthat theseprocessepredominantlyactivate other
brainareassuchasmotorareasthe temporalparietaljunc-
tion (TPJ),occipitalvisualareasandprefrontalcortex,they
also observedparietal activation during target selection.
Moreover, Wojciulik and Kanwisher (1999) have shown
parietalactivationin a numberof attentiontaskN whether
they involved spatial processingor not. Donner et al.
(2000b)reportedactivationin the AIPS and IPTO whena
single object conjunctiontask was comparedto an easy
single object featuretask. As the taskswere matchedfor
spatialprocessinglemandsthe activationwasproposedo

ref3ect nonspatiakomponent®f processingAlso, the pro-
posedoverlapbetweensystemscontrolling eye movements
andattentionshifts may be limited: Serialscanningduring
conjunctionsearclhis proposedo takeplaceat a rateof tens
of millisecondsthusexceedindyy far the speedf saccadic
eyemovementge.g., TreismanandGelade 1980; Saarinen
andJulesz,1991).In sum,thereis still considerableincer-
tainty aboutwhich subprocesseasreref3ectedby the cortical
activationobservedduring conjunctionsearchandwhether
the activationpatternis speckbc to this type of task.

Parametriananipulationof the cognitivefunctionunder
investigationhasprovenvaluablein distinguishingnonspe-
cibc task-relatedbrain regions (like motor areas)from
regions specbkcally computing the relevant process
(Beauchamptal.,2001;Culhametal.,2001).Accordingto
serialmodels,search-relatedctivity in cortical areascon-
trolling covertspatialorientingshouldcloselymirror search
load(i.e., setsize)sincethe numberof elementsletermines
thenumberof attentionakhifts. Chelazzi(1999)arguedthat
parallelmodels,on the contrary,would not predicta para-
metric modulationin a specbc brain regionbut ratherin a
wide rangeof cortical areasinvolved in visual processing.

Yet, varying set size by the numberof elementspre-
sentedintroducesa potent confound of searchload with
physicalpropertieqe.g.,Leonardsetal., 2000).To circum-
vent this problem, we followed the experimentaldesign
introduced by Eriksen and St James(1986) and varied
searchoadindirectly by meansof cues.The cuesindicated
the numberof possiblelocationsfor the upcomingtarget,
therebydeterminingthe numberof objectsto sampleduring
searchWith this paradigm Eriksenand St Jamesobserved
searchtime functionsequivalentto thoseobtainedin con-
junction taskswith varying setsize, and pilot testingwith
our paradigmrevealedthe sameline of results.

To unconfoundcue-relatedrom target-relatecprocess-
ing in an experimentwith hemodynamicsignalsthesetwo
eventshadto be separateth time by severakecondsln the
caseof a single cued location, current models (Vanden-
bergheet al., 2001b; Corbettaet al., 2002) suggestthe
following sequencef subprocessedxst, attentionis ori-
ented,.e.,is shiftedto the periphery andscaledo coverthe
cuedlocation,andthenit is maintainedhereuntil the object
appears.Finally, and without requiring further shifts of
attention,the objectat the cuedlocationis identiped anda
responsegeneratedWith respecto the fMRI signal,these
processeshouldmanifestasa transientresponséo the cue
(shifting), a sustainedesponsefter cueingandup to target
appearancémaintenance)and a transientresponseo the
searcharray(objectidentibcation). Therefore for thesingle
cue trials predictorswere modeledthat accountedfor the
three conceivableresponsetime courses.This analysis
servedas a functional Qocalizeintendedto identify all
thosebrain regionsthat can be functionally relatedto the
variousaspectf this task. The response# theseregions
of interest (ROIs) were then submittedto a parametric
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analysisacrossall trials, wheresearchload asindexedby
the numberof cuedlocationswasthe crucial parameter.

This designenabledus to assessot only searchas a
function of cue numberbut also the orienting processin-
ducedby the cueitself, comprisingattentionalshifting and
zooming. We assumedthat when severallocations were
cued,attentionCzoomedoutOto form a large focus with a
centercloserto the bxation point thanin single cue trials
where attentionwould be shifted further to the periphery
and focusedon a small region (seeFig. 1B). This notion
relies on previousreportsshowingthat the attentionfocus
adoptsthe form of an ellipsoid centeredin the periphery
while sparingthe spacebetweenpbxation and the attended
region(Egly andHoma,1984;SagiandJulesz 1986).With
thedemandsn shifting/focusingandzoomingvarying sys-
tematically acrossconditions, parametricanalysisof cue-
relatedactivity shouldrevealthe neuralcorrelatesof these
processes.

Methods
Subjects

Five healthy students(age 23 to 29 years) from the
HumboldtUniversity of Berlin with normalcolorvisionand
sufbcient visual acuity servedas subjectsin the study con-
ductedin conformity with the declarationof Helsinki. All
subjects(threefemales,two males)wereright-handedand
were paid for their participation.

Experimentalparadigm

The experimentaldesignis illustratedin Fig. 1. During
the whole experiment,four small squares(visual angle,
0.2;, a 0.5; off the bxation point) and four black large
squareg3;j of visualangle,at aradialdistanceof 7.3; from
the bxation point) werepresentedn the upperhemipeld on
a light gray background.The upperhemipeld was chosen
with respecto our prior analysisof earlyvisualareasasfor
areaV4 only an upperhemipeld representatiornas been
identibed. The large squaresservedas placeholdergor the
objectsto facilitate the alignmentandmaintenancef atten-
tion. The searcharray consistedf simpletwo-dimensional
geometricobjects (circle, square,rhombus;size, approx.
2.5)) in three different (blue, green, yellow) isoluminant
colors, determinedby adjustingthe luminanceof rapidly
alternatingcolor stripesuntil Rickeringwasminimized.The
blue circle wasdebnedasthe target.In every searcharray
otherblueobjectsandringsof anothercolorwerepresented,
sothatcorrectanswersndeeddependeadn the combination
of features.

Eachtrial startedwith a bxation period of variable du-
ration (0 to 2750 ms, step size 250 ms). Then one (the
middle left), two (both left-sided),or all four of the central
small squaredurneddark, indicatingthe possiblelocations

for subsequertiargetpresentationSubjectswereinstructed
to immediatelyshift attentionto the specbed regionandto
maintainit therewithout further shifting. For a given num-
ber of cues,we alwayscuedthe samelocationsto increase
the amountof datathat could be collectedfrom a given
retinotopicvisual area.Prior studies(e.g.,Vandenberghet
al., 2000, 2001b) had not found an impact of the side of
presentatioron activity in higher orderareas,so that pos-
sible lateralizationeffectsin suchareasn the presentstudy
shouldnot be attributableto the biasfor left side presenta-
tion.

The cue squaregemaineddark during a variableperiod
of time of 4, 7, or 10 s. Then, four objectswere presented
within the placeholdersquaresfor 30 ms! Subjectswere
instructedto searchfor the blue circle and to indicateits
presenceor absenceby pressingone of two buttonsof a
responsdox asquickly andasaccuratelyaspossible Only
responsesvithin a reactiontime window of 2 s were re-
corded.Thetargetwaspresenin 50%of thetrials. To avoid
decisioncomicts, no invalid cueswereused,thatis, either
thetargetwaspresentedvithin the cuedregionor it wasnot
presentedat all.

After respondingsubjectscontinuedto bxatethe central
crosspassivelyfor 10,320to 13,070ms, dependingon the
initial offset. As the delay betweenonsetof the cue and
searcharrayvariedunpredictablyfor the subjectsthey had
to maintain their attentionfocus on the cued location(s)
during the whole cueing phase.Trials with different load
(i.e., numberof cues),cueingduration,and offsettimesas
well astrials with and without a targetwere randomized.
Eachload condition was repeated?4 times within eachof
two scanningsessionsEachsessiorlastedabout33 min; in
betweensubjectavereallowedto restfor approximatelylO
min.

Fixation control

As subjectswere requiredto maintain central Pxation
duringthewholeexperimenttheir bxationcapabilitiesvere
testedin prior training sessionutsidethe scannerwhere
eye movementswvere recordedwith an infrared video eye
trackersystem(SMI, Teltow, Germany).All subjectswere
ableto performthe searchtask while maintainingpbxation
within 2j of the centerin morethan 99% of trials.

1We usedsuch a short target display time to reducethe subject§
tendencyto movetheir eyes.As they knewthatthe targetwould be on for
too shortatime for evenpreparinga saccadéheymorereadily constrained
themselvego covertattentionshifts. At the sametime, without masking,
afterimagescould be searchedy spatial attentionshifts and sincethese
were retinal as opposedto real-world imagestherewas againno benést
from performing eye movements(the imageswould move in the same
way). We believe that it was due to thesefactors that eye movement
recordinggduringtrainingshowedvery goodsuppressionf overtattention
shifting.
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FMRI procedure

FMRI datawere acquiredwith a 1.5-T magneticreso-
nanceimagingsystem(MAGNETOM Vision, SiemensEr-
langen,Germany).Subject®headswere stabilizedwith a
vacuumpillow in a standardcheadcoil. Stimuli wereback-
projectedonto a screenby an LCD projector(NEC 8000,
Stuttgart, Germany). Subjectslooked at the screenvia a
mirror and useda Pber optic two-buttonresponsebox for
report.

During eachsession 667 volumesof 26 axial slices(3
mm thick, spanningthe cerebral cortex) were collected
using a gradient-echoechoplanarimaging sequencg TR,
3000 ms; TE, 51 ms; RBip angle,90;; in-plane resolution,
3.28" 3.28 mm). Structuralthree-dimensionatiata sets
were acquiredusinga T1-weightedsagittalMP-RAGE se-
quence(TR, 10 ms; TE, 4 ms; Bip angle,12;; Tl, 100 ms;
265" 256 matrix; 190 sagittal slices (thickness,1 mm);
voxel size,1 mm3). Moreover,high-qualitystructuralthree-
dimensionaldatasetsof all subjectswererecordedusinga
T1l-weightedsagittal FLASH sequencgTR, 38 ms; TE, 5
ms, Bip angle,30;; TI, 100 ms; 265" 256 matrix; 190
sagittalslices;voxel size,1 mm?).

Stimulus presentationwas computercontrolled by the

ERTS software package(Berisoft, Frankfurt, Germany).

The computerwas triggered by a TTL signal from the
scannetthat was sentat the beginningof every slice scan.
To allow for a bettertemporalresolutionin recordingthe
BOLD signal,avariableoffsetbetweertriggerandstimulus
presentatiomvasusedcoveringa rangebetweer0 and2750
ms in 250-ms steps. As the total length of a trial was
determinedby the numberof triggers counted,the bnal
Pxation periodin eachtrial variedin length dependingon
the initial offset, that is, the total length of a trial had
constantvaluesof 18,21, or 24 s, dependingpn durationof
the cueingperiod.

_l._l —
Fixation | || s

‘ shift distance

Cueing

Target i

‘ '
two
detection
‘ | - I ‘
Fixation

Fig. 1. (A) Schematidllustration of the experimentaldesign.Cueswere
presentedor 4 (not includedin the analysis),7, or 10 s andindicatedthe
possiblelocationsof thetarget(bluecircle). One,two (asin this example),
or four locationswerecueddeterminingthe sizeof theattendedegion.(B)

Assumedormsandlocationsof theattentionfoci in thetaskconditionsare
shown. Note the different distancesbetweenthe foci® centersand the
bxation mark.

Data analysis

Behavioraldata

Mean reactiontimes for correctanswersand errors(in
percentagesyvere enteredin separateone-way repeated
measuréANOVAs with the factorsGearchoaddand Qrial
typeO (target present/targetbsentf Degreesof freedom
and P valuesare reporteduncorrectedas no violations of
sphericitywere detectedby Mauchly tests.

FMRI

FMRI datawere analyzedwith the Brainvoyager2000
software (Brainlnnovation,Maastricht, The Netherlands).
Data from eachsubjectwere transformedinto normalized
stereotactispacdqTalairachandTournoux,1988).To allow
for steady-statenagnetizationthe brst four scansof each
functional run were discardedfrom analysis.After correc-
tion for slice scantime differenceswithin a volume, func-
tional volumes were coregisteredwith the three-dimen-
sionalstructuraldatasetsin orderto generatevolumetime
courses.Volume time courseswere motion correctedby
translatingandrotatingall remainingvolumeswith respect
to the brst volume using the Levenberg-Marquardalgo-
rithm to bnd the least squarebt, temporally high pass
Pltered at 240 s, and spatially smoothedwith a 4-mm iso-
tropic Gaussiarkernel.

After z transformation,a bxed-effectsgeneral linear
model(GLM) wasemployedo computestatisticalmapsfor
the groupaverageThe modelcontainedanidealizedrefer-
ence function as predictor of the effect of interest. This
referenceunctionwasgeneratedy convolvinga modelof
the hemodynamidmpulseresponsda ! functionwith " #
2.5and## 1.25)with asquare-wavdunctionrepresenting
the experimentalprotocol (Boynton et al., 1996). Further
predictorsfor the global meanof eachrun and for each
subjectwere included. All effectswere rigorously thresh-
oldedat correlationcoetcientscorrespondingo P $ 107,
uncorrected.

ROI dePnition:analysisof searchsubprocesses

For identifying ROIs from the single cue trials, we de-
Pned predictorsfor transientresponseso the cue and the
searcharrayby modelinghemodynamicesponseso hypo-
thetical events100 ms in duration after the onsetof the
respectivestimuli. Given the sluggishnesf the BOLD
responsethesedurationvaluesdid not needto ref3ect the
exacttime requiredfor orientingor searchbut simply hadto

2 Note that we did not expectto bnd the usualsearchtime difference
betweentargetpresentand absenttrials underthe single and double cue
conditions.In thesinglecuetrials only oneitem hadto becheckedanyway.
With two cues,in sometargetabsentrials both relevantobjectsshareda
featurewith the targetobject,in othersonly one,andin yet othertrials no
objectshareda featurewith thetarget.Thus,theaveragenumberof objects
thathadto be scannedecaus¢heyshareda featurewith thetargetwasthe
sameasthatin targetpresenttrials.
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accountfor the instantaneousnd event-like natureof the
two processesAs previous experimentalwork (Vanden-
bergheetal., 2001b;Corbettaet al., 2002) suggestedhata
spatial cue also evokessustainedactivity, presumablyre-
lated to maintainingattentionin the periphery,a third pre-
dictor was debnedto accountfor potentialadditionalvari-
ancefrom tonic activationsaftercueing.Thus,thetime span
betweerthetwo eventgcueandtarget)wasconvolvedwith
hemodynamiaesponsepropertiesand modeledas a third
condition (Qate cueind). We assumedhatin trials with 7
to 10slatencybetweercueandtargetandwith only asingle
cued location, the processesf shifting and zooming of
attentionwould be mostly ref3ectedby the parameteresti-
matesfor the transientasopposedo the sustainedesponse
predictor’ This approachwas motivated by the aim of
modelingany conceivabletype of signalchangewhende-
Pning the ROIs andthusnot to missany participatingbrain
regions.Yet which type of responseactually occurredwas
not a selectioncriterion, asthe subsequenparametricanal-
yseswere performedacrossROls debned by any of these
predictors.

Voxel clusters,activatedduring one of the threephases
underthe single cue condition (early, late cueing,search),
weremarkedwith differentcolorson reconstructedortical
surfacesderived from high-quality three-dimensionatiata
setsby segmentingand tessellatingthe graybwhite matter
boundaryandby inRating the resultingsurfacemeshegsee
www.brainvoyager.com)Only clustersof more than 50
mn? on the surfacewere marked.The group averagedata
were projected onto one subjec reconstructedcortical
surface Only datafrom thegroupaveragearereportechere.

The following anatomicalandmarkswere usedto iden-
tify brain regionsof specialintereston the reconstructed
surface.The FEF wasassumedo be locatedin the precen-
tral sulcus,in the latitude of the caudalmostpart of the
superiorfrontal sulcus(Paus,1996; Donneret al., 2000a).
The IPS, which divides the parietallobe into the superior
parietallobe (SPL) andthe inferior parietallobe (IPL), was
subdividednto threeparts(Duvernoy,1999):the horizontal
part adjacentto the inferior postcentralsulcuswill be re-
ferredto asthe AIPS andthe descendingpart down to the
latitude of the parieto-occipitalsulcus as the PIPS. The
continuationof the descendingsulcuswithin the occipital
cortexterminatingat the junctionwith thetransverseccip-
ital sulcus(TO) will bereferredto asthe IPTO.

3 A morestringentassessmertf theseprocessesvould haverequired
usto introduceseparatehift andmaintenancérials (e.g.,Vandenberghet
al., 2001b;Yantisetal., 2002),which wasbeyondthe scopeof the present
study.Anotherapproachwould havebeento run a deconvolutioranalysis
(e.g., Glover, 1999) to separatehe BOLD response®f eventsclosein
time. This, howeverwasnot possibleaspresentatiorimeswereindepen-
dentof the TR.

Parametricanalysis

Themajorgoal of the presenstudywasto assessvhich
of the preddned ROIs showedload-dependenthangesn
the BOLD signal after cue onsetand after onsetof the
searcharray.For all parametricapproachesa GLM analy-
sis, btted to the predéened voxels of the ROI analysisand
correctedfor serial autocorrelation,was calculatedwith
separat@redictorsfor eachloadlevel (i.e., numberof cues)
and eachphaseof the task (early, late cueing,and search).
Then linear contrastswere calculatedwith the respective
parametetestimateswhich were weightedin threegrades
(%2 for cueone, %1 for cuetwo, 3 for cuefour) to model
the signalincrease(Btchel et al., 2002). This analysisre-
sultedin t statisticsfor eachROI. Becausef stronga priori
hypothesesntroducedby restricting the analysisto pre-
debned ROIs the thresholdfor thesecontrastsvassetto P
$ 0.05.

Notethatwe weightedthe predictorsin theway aboveto
securethatthe contrastinvolved a parametricassessmerf
numberof shifts. A contrast%3, 1, 2 could haveled to
positiveresultssimply becausehe singlecueconditionwas
the only one to lack shifts. However,the chosencontrast
involved a confoundwith side of presentatior{i.e., left vs
bilateral). Thus,whenevettheleft hemispherevasfoundto
respondmore stronglyto bilateral (i.e., positivet) andthe
right to unilateralpresentatiorfi.e., negativet) an additional
contrastmatchingpresentatiorsides(%3, 1, 2) was calcu-
lated.

Results
Behavior

The behavioraldata are presentedn Fig. 2. Subject®
reactiontimes(RT) anderrorratesincreasedvith the num-
ber of cuedlocations,i.e., searchload (F(2,8)# 8.58,P $
0.01for RT, F(2,8)# 4.99,P $ 0.04for errors).Thus,our
paradigmyieldedthetypical setsize" searchime function
proposedo hallmark serial search.No main effect of trial
typewasobservedF(1,4)# 0.99for RT, F(1,4)# 1.28for
errors).For reactiontimes therewas an interactionsearch
load " trial type (F(2,8) # 4.8, P $ 0.05). A pairwise
comparisonrevealeda trend for fasterresponsesn target
presentasopposedo targetabsentrials asexpectedn the
four-cueconditiononly (P $ 0.1, seefootnotel).

FMRI

ROI debnition in single cuetrials

Fig. 3 presentscortical areasactivatedin transientand
sustainedesponséo thecueandin transientesponseo the
searcharray in single cue trials. Thesedifferent response
types were observedin partially segregatedand partially
overlappingbrain regions.The bPgure alsodepictsthe time
coursesof the BOLD response$10-s-delaytrials) andthe
Talairachcoordinateof the respectiveareas.
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Fig. 2. Error rates(A) and reactiontimes (B) for correctanswersBoth
measuresncreasedvith the numberof cuedlocations.

Transientand sustainedcue-relatedactivation.After the
onsetof thesinglecue,whensubjectsveresupposedo shift
their attentionalfocusto the peripheryandscaleit to cover
the placeholdeisquare enhancedilateral activity was ob-
servedin striate and extrastriatevisual areas,along the
lateral occipital sulcus(LOS), and in multiple subregions
within andadjacento theIPS.Thelatterwerelocatedin the
IPTO, in the more inferior part of the PIPS, and at the
junction of the PIPSand AIPS. Within the lateral frontal
cortextwo distinct regionswere activated:the intersection
of the upper precentralsulcus with the superior frontal
sulcus(correspondingo the FEF) andthe moreventralpart
of the precentrabulcus(vPreCeSBeauchampetal., 2001).
Onthe medialsurface(not shown),activationswereseenn
the superior frontal gyrus, in an areapresumablycorre-
spondingto the supplementargyepbeld (SEF,seeMerriam
et al., 2001) and nearbypresupplementargnotor area(Ta-
lairachcoordinates%2, %6, 56) andin the anteriorcingu-
late gyrus (ACC, Talairachcoordinates%1l, 10, 39). The
slope of the BOLD function in thesefrontal areaswas
shallowerthanthatin the more posteriorregionsbut con-
tinued to rise until onsetof the searcharray, yielding a
strongercorrelationwith the sustainedthan the transient
responsepredictor.In LOS, the BOLD signal returnedto
near-baselinevaluesshortly after cueing.In parietalareas
also,the signalstartedto declineafterabout7 s; therefore,
in theseareaghetransientresponsgredictof3 contribution
was largerthanthe sustainedresponseredictof3.

Transientsearch-relatedactivation. Parietalareasand the
PreCeShoweda seconcpeakafteronsetof thesearcharray
whenthe targetobjecthadto be identiped (Fig. 3). In the
left AIPS and nearbySPL this secondincreaseyielded a
signibcantresponsavith the event-relateddearciOpredic-
tor.

Otherregionswith a signibcantsignal increaserelated
to objectprocessindiadremainedsilentduring cueing,i.e.,
were driven exclusively by the processingof objectsand
generationof motor responsesseveralsubregionsof the
right lateral prefrontal cortex (but not the FEF), in the
vicinity of the left central sulcus (subjectsusedthe right
handto respond),aroundthe temporoparietajunction bi-

laterally (TPJ),theinferior parietallobe bilaterally,andthe
medial occipital, i.e., visual, cortex.

Parametricanalysis

Fig. 4 depictsthe time courseof the BOLD signalasa
function of the numberof cues(load). Different areaswvere
modulatedby load eitherin responseo the cue or during
search.

Cueing.Thefollowing of the areasdentiped aboveshowed
alinear increasen their transientresponses$o cueingasa
function of the numberof cues(Fig. 4): right andleft LOS
(t# 2.29,P$ 0.02,t# 2.34,P$ 0.02),theleft PIPS(t #
2.18,P$ 0.03;t# 3.19,P $ 0.01,for thepresentatiorside
controlledcontrast),andtheright vPreCeSt # 2.28,P $
0.002).A trendwasobservedn theright IPTO (t # 1.59,P
$ 0.1). While we proposea functional behavior with a
positive parametricnodulationto ref3ect zooming,a nega-
tive relationcould denoteshifting or focusingin our exper-
iment becauseunder the single cue condition the spatial
distancefrom Pxation was largestand the attendedregion
smallestThislatterbehaviowasobservedn theright PIPS
(t# %2.76,P $ 0.006;t # %2.64,P $ 0.009,for the
presentatiorside controlledcontrast).

None of the signaltime coursesn the ROIs showeda
parametrianodulationof sustainedesponseafterthecues.

SearchOf the areasactivated during cue-relatedspatial
orienting,only theright junction of the AIPS with the PIPS
wasmodulatedoy searcHoad (t # 2.12,P $ 0.03).0f the

areasactivatedduring objectprocessingpnly the right TPJ
(t# 2.36,P $ 0.02)respondedn this way. Signalintensity
in all otherarea$ll in particulartheFEF (t# 0.73N showed
no linearrelationshipwith searchoad.As only subportions
of the FEF are supposedo take partin visual search(see
Discussiorfor moredetails)small differencedn individual

topographymight accountfor the absenceof a parametric
effectin the group analysis.However,single subjectanal-
ysesdid not reveal a load-relatedmodulationin the FEF

either.

Discussion

The main focus of this study was to identify brain re-
gionsthat mediatethe putativesubprocessesf visual con-
junction searchand to assesswhich of theseareasshow
activity modulationgrelatedto searchoad,i.e., the number
of objectsto searchthrough.Searchload was manipulated
indirectly by meansof cuesthatindicatedin advancehow
many locationswould be relevantfor the task,i.e., could
containa target(Eriksenand St James;1986). The behav-
ioral results suggestthat the top-down manipulation of
searchioad employedheremimics the QxlassicaDeffect of
manipulatingsetsize (Palmeret al., 1993),assearchtimes
increasedvith the numberof cuedlocations.
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Identifying subprocessesf search

Spatial orienting

In accordancevith severalpreviousstudies(Corbettaet
al., 1993,1995, 2000; Nobre et al., 1997,2000; Corbetta,
1998; Corbettaand Shulman,1998; Gitelmanet al., 1999;
Hopbnger et al., 2000) we found signal increasesafter a
single spatial cue in multiple visual areas,including the
vicinity of the LOS, in subregionsof and near the IPS
(IPTO, PIPS,PIPS/AIPSjunction), and in the lateral pre-
frontal cortex (vPreCeSFEF). A signalincreasewas also
observedin the medial frontal cortex (pre-SMA, SEF,
ACC). Activity in theselatter areashas beenfound in
numerousattentiondemandingstudiesanda generalrole in
anticipationof a task, motivation/arousaland performance
monitoring has beenproposed(Duncanand Owen, 2000;
Stuphornet al., 2000; Critchley et al., 2002; Schall et al.,
2002). Activity in posteriorparietaland frontal areaswas
more pronouncedin the right hemisphere Although the
latter is confoundedby the fact that underthe single cue
condition subjectsalwayshadto shift attentionto the left,
thereis overwhelmingevidencefrom previousstudiesfor
right hemisphericspecializationin spatialprocessingNo-
bre et al., 1997; Coull and Nobre, 1998; Gitelmanet al.,
1999; Corbettaet al., 2000; Vandenbergheet al., 2001b;

Gitelmanetal., 2002;Muiler andKnight, 2002).Moreover,
in previousfMRI studieghatcontrolledfor thedirectionsof
attentionshifts, no correlationwas observedbetweenthe
direction of shift and laterality of parietalactivation(Cor-
bettaet al., 2000; Hopbngeret al., 2000; Vandenberghet
al., 2001a,2001b).

As reported esewhere (Mdller et a., 2003) the signa in-
creasein early visua cortex occurred in subregions of areasV1
to V4 that were retinotopically mapped to the cued location(s).
Unlike these early visual aress, activity in the LOS started to
decline during the cueing period. A transient signa increasein
the same areain response to a foveally presented cue has been
reported before and was interpreted to ref3ect encoding of the
cue (Corbetta et a., 2000; Hopbnger et al., 2000). The fact that
the LOS was more activated by the centraly presented smdll
cue than by the peripherally presented large objects might be
related to the proposed eccentricity biased organization of
object areas (Levy et a., 2001; Hasson et d., 2002; Malach et
al., 2002), where objects demanding high resolution are asso-
ciated with a center biased representation in lateral aspects of
the occipitotemporal cortex. Note, however, that the respective
area of this modd is located somewhat anterior to the lateral
occipital region described in our and previous studies (Dupont
et d., 1997; Mendola et a., 1999; Corbetta et a., 2000).

Comparedo thatin the posteriorparietalbrain areaghe



1586 N.G. Mdiler etal. / Neurolmage20 (2003) 157801590

signal increasein frontal areaswas slower and continued
until the searcharraywaspresentedin parietalregions,on

the otherhand,after abou 7 s the signal startedto decline
andshoweda secondncreasewith onsetof thesearcharray.
This double-pealpatternwasmostpronouncedn the most
posterioregionIPTO. In spiteof thepoortime resolutionof

the BOLD signal and potentialdifferencesin the hemody-
namicresponseacrosdifferentbrainareaspnemightspec-
ulate that thesevariationsin responsdatenciesarisefrom

functionaldifferenceshetweernposteriomparietalandfrontal

areas.This notion is further supportedby the bnding that
only activity in the right PIPSwas modulatedwith respect
to the supposedlistanceof attentionshifts. Thus,together
with earlier Pndings by Vandenberghest al. (2001b)and
Yantis et al. (2002), the currentdatasupportthe ideathat
posteriorparietalandfrontal areascontributepreferentially
to spatialshifting and maintaining,respectively.

The cue not only signaledsubjectsto shift attentionto
the peripherybut wasalsosupposedo inducezooming,for
attentionto covera small, medium,or largeregionin the
periphery AreasLOS, left PIPS,andright vPreCeShowed
a modulationin responsdo the cue(s)that correlatedpos-
itively with the numberof cues,a trendwasalsoobserved
in the right IPTO. The fact that this analysiswas con-
foundedby the physicalpropertiesof the cues(the overall
contrastchangewas strongerwhenmore cuesturneddark)
can hardly accountfor the effectsobserved.The represen-
tation of the foveawithin the contrast-sensitivearly visual
areasshowed no variations acrossconditions; thus it is
ratherunlikely thatthe effectsin higherareasknownto be
largely contrastinvariant(Avidan etal., 2002),werecaused
by the small physicaldifferencesin the cuesacrosscondi-
tions. Otherexplanationsnay relatethe cue-relatednodu-
lation to varying levels of arousal/effortor to different
strategiesn deployingspatialattention.For example,sub-
jects might have continuously shifted attention between
locations when more than one location was cued. This
strategytoo, would haveled to the observedhegativecor-
relation betweenlevel of activity in visual areasand load,
however,dueto reduced@wellOtimeson a given location.
Differences in both arousal and strategy should have
emergedduring the late cueing period as well. For this
period, our analysisdid not revealsignibcant modulations
in parietalandfrontal areasWith all the cautionnecessary
in interpretingan absenteffect, this suggestghat subjects
indeed and asintendedl shifted and zoomedtheir atten-
tional focusimmediatelyafter the cue but then QockedDit
onto the relevantregion.

We are not aware of any previous study speckbcally
addressingthe neural generatorsof zooming? However,

4 Note that Luo et al. (2001) recordedERPsin responseto cuesof
varying size that indicatedto their subjectsthe region they later had to
searchthroughfor atarget.However theauthorsrefrainedfrom comment-
ing onthe cue-relateczoomingeffectsdueto a confoundwith the physical
appearancef the cues.

switching betweenperceptuallevels, i.e., from local to
global, may be understoodas a zoomingproblemaswell.
Fink et al. (1997) showedthat activity in the left parietal
cortexcorrelatedwith thefrequencyof shiftssubjectshadto
perform betweenlocal and global aspectsof their stimuli
(large letters made of small letters). Employing similar
stimuli, Weissmanet al. (2002) presentedccuesthat indi-
catedto their subjectsin advancewhetherglobal or local
aspectsvould be relevant.It canbe assumedhat a global
cue induced attentionto zoom out, whereasa local cue
inducedfocusingon a small spotof the visual beld. Their
resultsareconsistentvith the proposedeft/right dichotomy
for controlling zoomingand shifting/focusingof attention,
insofar as the global cue activatedpredominantlythe left
andthe local cuetheright hemisphere.

Objectidentipcation

Underthesingle-cuecondition,attentionwasexpectedo
remainlocked onto the cuedlocation. Therefore enhanced
activity afteronsetof the searcharraywasexpectedn brain
areasinvolved in objectidentipcationandresponsegener-
ation. As thesenonspatiaprocessesverenot relevantprior
to array onset, these brain areasshould have remained
Gilen®O during the precedingcueing epoch. The BOLD
responsesn the TPJsand nearby inferior parietal lobe,
aroundthe left central sulcus,the insulae,and the right
lateral PFC correspondedo this pattern. Apart from the
TPJ,theseareashavebeenimplementedn motorresponse
generation,working memory, and decision making, i.e.,
processesexpectedto be part of the visual searchtask
(Hadlandet al., 2001; Schall, 2001; Maneset al., 2002;
Muller et al., 2002).

However, parietal regionsthat alreadyhad beenactive
during cueingalsotendedto showa secondsignalincrease
during searchThis increasevaspronouncedandsurpassed
the maximalactivity during cueingconsiderablyin the left
AIPS and nearby SPL. Both Wojciulik and Kanwisher
(1999) and Donner et al. (2000b) reported left parietal
activationin conjunctiontasksasopposedo featuredetec-
tion tasks,althoughin their experimentsspatialshifts were
irrelevantastheyemployedsingleobjectdisplays.Schubotz
andvon Cramon(2001) reportedstrongeractivationin the
left AIPS during anticipationof object propertiesas op-
posedto location. Donner et al. (2000b), therefore,sug-
gestedthat the left parietal cortex is involved in feature-
basedattentionduringsearchrandWoijciulik andKanwisher
(1999) that it mediatesfeature binding. These processes
were necessargvenunderthe single cue conditionin our
experiment, presumablyexplaining the strong signal in-
creasdn left parietalareas.

Parametricassessmertf visual search
Of the areasmentionedaboveonly the right IPS (at the

junction betweenthe AIPS and PIPS) and the right TPJ
showedparametrianodulationasa functionof searcHoad.
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On the otherhand,in responseo the cue,the left IPS was
modulatedby the numberof cues.This lateralizationpattern
within the IPS indicatesthat althoughboth cuesand con-
junctionsearctevokeddeploymenbf spatialattention they
broughtout different subcomponentsf this processWith
severalcues, attention,under the control of the left IPS,
likely zoomedout brst, whereadater,duringsearchseveral
serial shifts of focusedattentionwere inducedby the right
IPS. The assumptiorthat the right parietalactivationsdur-
ing searchweredriven by rapid attentionshifts ratherthan
by someothernonspedbpc processesorrelatingwith search
load, suchasarousalor decisionmaking,is underscoredby
the observedpredominantlyright parietal responseto the
single spatialcue. This conclusionis in accordwith search
modelsinvolving a spatially serial component(Treisman
and Gelade,1980; Grossberget al., 1994; Wolfe, 1994;
WoodmarandLuck, 1999,2003)andhasalsobeenreached
by the authorsof previous studies, where activation of
posterior parietal and prefrontal areasduring conjunction
searchwas attributedto serial scanning(Corbettaet al.,
1995; Donneret al., 2000a).

However, other studiescast doubt on the notion that
posteriorparietalactivationis a uniquesignatureof spatial
attentionshifts and suspectec more generalrole in selec-
tive attention (Vandenbergheet al., 1997; Wojciulik and
Kanwisher,1999; Coull et al., 2000; Donneret al., 2000b;
Leonardsetal., 2000).The currentdatamight contributeto
resolvingthis discrepancyAccordingto our results,only a
small subregionof the posteriorparietal attentionsystem,
theright middle partof theIPS, revealspropertiesn accord
with a generatorof rapid attention shifts during search.
Converselythe left AIPS seemanmoreinvolvedin theinte-
grationof featuresandthe left PIPSis a candidatezoom-
ing centerO Together,theseresultssupporta Pne-grained
functional specializationwithin the IPS (CulhamandKan-
wisher, 2001). Someof the subprocessesonsideredhere
are probablyinvolved in any attentiontask, which might
explainwhy parietalinvolvementgeneralizegcrossa wide
variety of attention requiring tasks (Wojciulik and Kan-
wisher,1999).

As with the parietalcortex,thefunctionalrole of the TPJ
has provoked considerablecontroversy(Ro et al., 1998;
Downar et al., 2002; Wilkinson et al., 2002). Here, we
observeda strongbilateral signalincreasein the TPJwith
onsetof the searcharray,which on theright sidecorrelated
with searchload. Corbettaet al. (2000) reporteda similar
signalincreasein the rTPJduring targetselection.In their
study,the BOLD responsevas more pronouncedvhenthe
targetappearedat an unexpectedocation. In accordance
with earlierpatientreports(Posneetal., 1984;Morrow and
Ratcliff, 1988), Corbettaand colleagues(2000) assumed
thattherTPJis involvedin disengagemergndreorientation
of attention.As serialscanningduring searchalsoinvolves
theseprocessegheload effectin therTPImight reRectthe
frequencyof disengagingand reorientingprocessesHow-
ever,reorientingduring searchis rathera voluntary(endog-

1587

enous),top-down-drivenprocess contrastingwith the au-
tomaticstimulus-driver{exogenoushesponsef therTPJto
targets at unexpectedlocations (Corbettaand Shulman,
1998; Friedrich et al., 1998; Corbettaet al., 2000, see,
however,Rosenet al., 1999). Thus, reorientingis an un-
likely explanatiorfor load-dependentsponsem theright
TPJhere.

Basedon patientdata(Robertsoret al., 1988; Robertson
and Lamb, 1991; Hellige, 1993), the TPJ has also been
linked to selectiveprocessingof local (left TPJ)vs global
(right TPJ) stimulusaspectsMoreover,the right TPJwas
foundto be selectivelyactivatedwhenelementof anarray
could be grouped (Wilkinson et al., 2002), which might
refecta certainaspecbf global processingNakayamaand
Joseph(1998, seealso Luo et al., 2001) notedthat visual
searchmight operateat different spatialscalesinvolving a
compromisebetweerthe sizeof the areato be sampledand
resolution.Thus, TPImodulationmight be causedby vari-
ationsin the samplingscaleor the perceptualevel, where
activationon the right ref3ectsa more global (coarse)and
activation on the left a more local (detailed) processing
mode. The global mode, involving grouping, might have
beenemployedwhenall objectsof the arraywererelevant
andthe local modewhenonly oneobjectwasrelevant.The
brst would havedriven the right TPJandthe latter the left
TPJ.Theload effectwithin the right TPJis consistentvith
this idea;for the left TPJvisual inspectionindeedsuggests
a strongeractivationwith a single cuebut this effectfailed
to reachsignibcance Notethatthefunctionsascribedo the
TPJs here differ from the zooming/focusingprocesses
which we haverelatedto the IPS above:while the latter
occurin responsgo symbolic spatial cues,activity in the
TPJ seemsto be bound to the presenceof objects and
relectsthe processingf eithertheirlocal or globalfeatures,
i.e., presentghe outcomeof the precedingzooming/focus-
ing processesTlhesedifferencedn functionalspecialization
may explain the opposedlateralizationpatterns,with re-
spectto cue number,acrossareasiPS and TPJ.

The questionariseswhy other brain regionsthat have
beenassociatedvith conjunctionsearch,in particularthe
FEF (Donneret al., 2000a,see,however,Leonardset al.,
2000), were not modulatedas a function of searchload in
our study. Such a modulation could have beenexpected
basedon single-cellrecordingsdemonstratinghat a sub-
populationof FEF neurondl different from thosecontrol-
ling saccadds takespartin targetselectionduring search
(seeSchall,2002,for areview).A highersearcHoadshould
henceincreasdhe durationof thetargetselectionprocessn
this subportionof the FEF, therebyevoking a more pro-
nouncedBOLD responseén trials with multiple cues.lt is,
however,conceivablethat the expectedoad-relatedliffer-
encesn durationof neuralactivity (wherethemeanlevelof
activity remains constant)were too subtle for fMRI to
depict, especiallyas only a subportionof the FEF is ex-
pectedo behavehisway. Thisis in line with other€¥ailing
to observeparametricFEF modulationby attentionalload
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(Culham et al., 2001). Our results suggestthat a major
function of the FEF, in accordwith its role in exertingeye
movements,consistsin controlling large-scaleshifts and
maintenancef attentionin the periphery(Sweeneyet al.,
1996; Corbettaet al., 1998; Gitelmanet al., 1999;Vanden-
bergheetal.,2001a,2001b).This is underscoretby thefact
that a strong activation in the FEF was observedduring

singleobjectsearchwherenoserialscanningvasnecessary.

In this condition, maintainingof attentionin the periphery
guaranteedhat no irrelevantinformation from elsewhere
hamperedargetidentipcation.

Implicationsfor modelsof visual conjunctionsearch

We haveso far arguedthat the observedcorrelationof
activity in the right IPS with searchload supportsserial
searchmodels wherethe numberof shiftsis determinedy
the number of relevant elementsin a set. According to
Chelazzi(1999)a specbc activationof this areacanhardly
be accountedor by parallelmodelslike the biasedcompe-
tition model. A centraltenetof thesemodelsis thatthereis
no suchthing as an attentionalcenter.Insteadthe neural
circuitry responsibldor selectinga relevantobjectamong
othersis proposedto be distributed acrossmost of the
visually responsivestructures.

However,our previousanalysisof activity in retinotopic
visual areagMuiler et al., 2003)is hardly compatiblewith
classicalserialmodels.Neitheris the assumptiorof zoom-
ing and a global processing/coarssamplingmode during
searchunderhigh-loadconditions.In classicalserial mod-
els,searclrequiresattentionto befocusedon asingleobject
location for featurebinding. To take advantageof a cue,
attentionshouldthereforebe focusedon onesinglelocation
in expectationof a searcharray. This effect should occur
irrespectiveof the numberof cuedlocationsas (globally)
distributing attentionover the whole array would lead to
misidentbcationof objectsdueto binding errors.Oncethe
arrayappearsndaftertheobjectattheselectedocationhas
beenprocessedattentionshouldbe shifted and focusedon
anothercued location. If subjectshad operatedthat way,
thentop-down-drivermodulationof visualareaspreceding
the searcharray shouldhaveshownenhancemernih retino-
topic representationsf only oneof the locationsacrossall
conditions.Instead,with more than one cuedlocation, ad-
ditional visual subregionsvere activated,andthis waspre-
sumablynot causedy shifting the attentionaffocusduring
cueingwithin or betweertrials. This neuralrespons@attern
correspondso activity distribution modelsimplementedn
the zoom lens analogy (LaBerge, 1983; Eriksen and St
James,1986; LaBerge et al., 1997). Taken together,the
activity observedn early visual areasthereforesupportsa
parallel processingnode.

Only hybrid models,which proposecoexistingparallel
andserialmechanismgor searchseemsuitableto accom-
modatethe bPndingsin both visual andfrontoparietalareas.
For example, some researcherdave suggestedthat the

attentional focus, albeit moving serially, can encompass
more than one item at a time and that theseitems are
processedh parallel(Treisman,1982;Gilmoreetal., 1985;
HumphreysandMuller, 1993; Grossberget al., 1994).The
guidedsearchmodelby Wolfe and collaboratorgWolfe et
al., 1989; Wolfe, 1994, 1998) proposesthat parallel ex-
tractedfeatureinformationis representeéh topographically
organizedmapsthat guidefocal attentionto the location of
a likely target.The featuremaps,computedby specialized
visual areasare undertop-downcontrol so that attentionis
guidedpreferentiallyto objectsthatsharea commonfeature
with thetarget.Spatialcueingin this modelcanbe assumed
to induceanothertop-downbiasbasedon locationref3ected
in theenhancedctivity in retinotopicareagepresentinghe
cuedlocation(s).

Conclusion

Our bndings suggest that the cognitive operationswhich are
recruited during visua conjunction search are implemented in
segregated but partially overlapping neural structures. Beyond
mapping of these regions of interest our approach involved a
parametric modulation of search load that enabled us to char-
acterize and differentiate locdized functional response proper-
ties across different brain regions. Left and right posterior
parietal areas control shifting and scaling of attention to a
relevant visua Peld region and induce preactivation of visua
aress retinotopicaly mapped to this region (see aso Hopf et
al., 2000). Preactivation of visua areas boosters pardlel festure
extraction for objects presented within this region and the rTPJ
supports grouping of these objects (presuming that the latter
isN in contrast to earlier theoriesN under attentional control
(Rodlfsema et d., 2000; Kim and Cave, 2001)). Attention
shifts are biased to objects at the cued locations, which share
features with the target and which are not grouped together.
These bndings, together with the previously reported activa
tion pattern in visual areasin the same task, are most consistent
with hybrid models of visual search where paraldl and serial
processes coexist and tempordly overlap. In sum, the paramet-
ric approach to visual search has proven to be a powerful
instrument in separating process-speci be activity and should be
employed in further experiments on selective attention.
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