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Summary

Visual attention can be primarily allocated to either where differential activations were observed during object-based
an object is in space (with little emphasis on the structureattention in the left striate and prestriate cortex. Space-based
of the object itself) or to the structure of the object (with attention activated the right prefrontal cortex and the right
little emphasis on where in space the object is located)inferior temporal—occipital cortex. Differential neural activity
Using PET measures of regional cerebral blood flow (rCBF)due to free vision or fixation was observed in occipital
to index neural activity, we investigated the shared andareas only. Significant interactions of free vision/fixation on
specific functional anatomy underlying both of these types ddictivations due to object-based and space-based attention
visual attention in a controlled non-cueing non-blockedwere observed in the right medial superior parietal cortex
paradigm that involved identical stimuli across the conditionsand left lateral inferior parietal cortex, respectively. The
of interest. The interaction of eye movements with thesetudy provides direct evidence for the importance of the
attentional systems was studied by introducing fixation omparietal cortex in the control of object-based and space-
free vision as an additional factor. Relative to the control based visual attention. The results show that object-based
condition, object-based and space-based attention showeshd space-based attention share common neural mechanisms
significant activations of the left and right medial superior in the parietal lobes, in addition to task specific mechanisms
parietal cortex and the left lateral inferior parietal cortex, in early visual processing areas of temporal and occipital
the left prefrontal cortex and the cerebellar vermis. Significantcortices.

Keywords: visual attention; PET; parietal cortex; prestriate cortex; visual neglect

Abbreviations: EOG = electrooculogram; rCBF= regional cerebral blood flow; SPM statistical parametric mapping

Introduction
The functional and neuroanatomical basis of dissociableepresentation of the right half of a scene presented whilst
prestriate pathways for visual object and spatial processintgaving out figures on the left side. It has also been observed
in humans and primates is well established (Ungerleider anthat some patients with neglect may omit the left half of
Mishkin, 1982; Haxbyet al, 1991). The posterior parietal several objects displayed across a scene (Driver and Halligan,
cortex is primarily concerned with spatial processing (‘dorsall991; Marshall and Halligan, 1993; Walker, 1995). Such
stream’), and the inferior temporal cortex with object observations suggest two modes for the allocation of visual
processing (‘ventral stream’). It has also been argued thaittention: attention to location (space-based) and attention to
there may be a similar dissociation between object and spatighe structure of an object (object-based). Space-based
processing domains within the primate prefrontal cortexattention is concerned with the position of an object as a
(Wilson et al., 1993). whole, relative to a predefined spatial reference (e.g. the
Patients with chronic visual neglect (usually following point of fixation, another object in the visual field, or the
right hemispheric damage) can produce an adequateubject’'s midsagittal plane). Object-based attention involves
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the analysis of the parts of an object as they contribute t(
the recognition of the whole (Posner, 1980; Duncan, 1984) & .

The notion of an object-based attentional system is
supported by human behaviourial studies; superiol 4 4
performance has been demonstrated in detecting attributes
the same object (compared with detection of attributes 0 gpject-based .
different objects) even when their absolute spatial position:
are controlled (Duncan, 1984). The suggestion of twag
separable attentional systems is also supported b K2
experimental data from primate studies; selective activatiol space-based —_— B
of neurons in the supplementary frontal eye-fields has bee
demonstrated in a short-term memory task involving object: scan2 /M1
based spatial awareness (Olson and Gettner, 1995). S

Psychological evidence for dissociations is not control -
incompatible with the possibility that the neural domains of
object-based and space-based attention might overlap to sor
extent. Cerebral lesion sites in patients suffering from object free vision fixation
based or space-based attention deficits usually overla experimental design
(Marshall and Halligan, 1993). An important caveat of lesions
studies is that damage leading to chronic visual neglect i§i9- 1 Study design. Each box represents an experimental
typically large, and tends to involve extensive regions of thefondition; it aiso represents the screen of the video display unit

. . ) . with the stimuli used across the experimental conditions (space-

temporal—parlet_al cortex. The_ I_ssue is further C(_)mpllcated b¥)ased and object-based tasks, upper and middle row; control task,
the fact that patients may exhibit both forms of visual neglectjower row). During the tasks, subjects were either instructed

In this study, we investigated the functional anatomy ofexplicitly that they were allowed to move their eyes (overt
object-based and space-based attention in the intact humgﬁention) or to majntain fixation on.the central do.t throughout
brain. We used PET to index, in normal human subjectssnmu'us presentation (covert attention). In the object-based

| . iated with obi based and b tgndition, subjects were required to attend to and report whether
neural activity associated with object-based and space-bas square was on the left or the right of the object (i.e. left or

attention by measuring associated changes in relative regionggnt of the line irrespective of the line’s position relative to the
cerebral blood flow (rCBF) (Raichle, 1987). The specific aimcentral dot). In the space-based condition, subjects were required

of the present study was to investigate whether there ar® attend to and report whether the object (i.e. the line) appeared
unique neural mechanisms involved in attending to théeft or right of the centre of the screen as marked by the central

f bi h L f th bi ._dot. In the control tasks, subjects were asked to attend to and
structure of an object or the position of the object Inreport, whether a short or a long line was present. In the figure

space, when identical stimuli are employed. The sole taskcan numbers refer to the counterbalanced order of scans for
requirement for subjects was to attend to either where theubject 1 (of the group of 12 subjects studied). Equivalent

object appeared in space (Space-based attention) or Whef@'unterbalancing.was performed for all other SUbjECtS, both within
within the object, a specific feature occurred (object-basednd Petween subjects.
attention). We also used two levels of ocular control: fixation
or free vision. radioactivity was obtained from the Administration of
Based on the results from human lesion studies wedRadioactive Substances Advisory Committee of the
predicted that the source of both space-based and objedbepartment of Health, UK. The study was approved by the
based visual attention (as defined here) would be temporalecal ethics committee of the National Hospital for Neurology
parietal (Vallar, 1993). Previous functional imaging studiesand Neurosurgery, London, UK.
on selective visual attention (Heine¢ al., 1994; Finket al.,
1996, 199B) also suggest that object-based and space-based
attention have a modulatory effect on early visual processing?aradigm design
Examples of the figures used as stimuli during the object-
based attention tasks, space-based attention tasks and control
tasks are shown in Fig. 1. In the object-based and space-
Methods based attention tasks, identical stimuli were displayed across
Subjects conditions. Subjects were instructed to attend to the requested
Twelve normal healthy male volunteers (aged 23—-49 yeardpvel (object-based or space-based). In the space-based task,
were recruited. All were right-handed with no history, pastsubjects were asked to attend to and report whether an object
or current, of neurological or psychiatric illness. Informed (i.e. an individual line, 55 mm long, with a square attached,
written consent was obtained from all subjects. The studyappearing either at 0 or at 55 mm left or right of the dot)
involved administration of 4.5 mSv effective dose equivalentappeared left or right of a fixation dot located at the centre
of radioactivity per subject. Permission to administerof the screen. In the object-based task, subjects were asked
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to attend and report whether the square was on the left dPET-scanning

the right of the object (i.e. left or right of the line). The Relative rCBF was measured by recording the regional
square was always centred 55 mm left or right of the centrajjistribution of cerebral radioactivity following the i.v.
dot. In both conditions, the verbal response ‘left’ or ‘right’ injection of 1%0-labelled water!®0 is a positron emitter with
was given by the subject. In the control task, individual longy hajf-life of 2.1 min (Mazziottaet al, 1985). The PET
(220 mm) or short (110 mm) lines were presented in dneasurements were carried out using a Siemens/CPS ECAT

pseudo-random sequence. Each line was centred in the middiscaocT HR + (model 962) PET scanner (CTI, Knoxville
of the screen, superimposed on the fixation dot. Subjectq,enn_, USA) with a total axial field of view of 155 mm
were asked to attend to and report, whether a short Oralon&)vering the whole brain. Data were acquired in three-

line was presented. The Vert?a' response by the §ubject Wefimensional mode (Townsemd al., 1991) with inter-detector
therefore ‘short’ or long’. Stimuli were kept as simple as ., jimating septa removed and a ‘Neuro-Insert' installed to

possible to reduce engagement of processes irrelevant to thﬁﬂt the acceptance of events originating from out-of-field-

current experiment, . __of-view activity (from the whole body).
We investigated a further experimental factor by allowing For each measurement of relative rCBF, 9 mCi ot

or disallowing eye movements. In the conditions with Y€ vere given iv. as a slow bolus over 20 s (Silberswetig.

movements, subjects initially fixated on the dot but were :
. - . 71993). Twelve consecutive PET scans were collected, each
instructed explicitly that they were allowed to move their o . .

. I : beginning with a 30 s background scan before the delivery
eyes on stimulus onset. In the other conditions, subjects were, o
) LT of the slow bolus. Emission data were thereafter collected
instructed to maintain fixation on the central dot throughoutse uentially over 90 s after tracer arrival in the brain. and
stimulus presentation. q y '

Prior to PET scanning, all subjects underwent acorrected for background. This process was repeated for each

familiarization session. This ensured that they were fullyeg"sSlon jcan, V\;'thds min be'to\v“een. scans to ZHOW for
familiar with the stimuli and tasks. Eye movements wereddequate decay of radioactivity. All emission scan data were

monitored during the familiarization session and durmgcorrected for the effects of radiation attenuation (e.g. by the

all experimental conditions using routine electrooculogramkUll) by means of a transmission scan taken prior to the

(EOG) measurements with bitemporal electrode pIacemen{i.rSt relative rC_:BF measurement. The corrected_ data were
These recordings showed that during the familiarizatiof€constructed into 63 transverse planes (separation 2.4 mm)

session, as well as during the PET rCBF measurement@nd into 128128 pixels (size 2.1 mm) by three-dimensional
subjects maintained fixation in the covert attention tasks andiitered back projection using a Hann filter of cutoff frequency
that they moved their eyes in the free vision conditions. ~ 0-5 cycles per pixel and applying a scatter correction. The

The figures were presented during the PET rcBEesolution of the resulting PET images was 6 mm (at full
measurements in black on a white background. A stimulugvidth half maximum).
appeared every 1.5 s and remained for 150 ms. A 17-inch
video display unit was used at a viewing distance of 40 cm.
The figures appeared in a quasi-random sequence that did
not permit the same stimulus to appear on more than fiv ] . .
successive trials. Each sequence of stimulus presentatioHd Separate sessions, an MRI of each subject's brain was
began 10 s prior to PET scanning and lasted for 120 s. Thebtained (i) to exclude the possibility of morphological/
experiment involved 12 sequential relative rCBF Pathological —abnormalities and (i) for stereotactic
measurements per subject; the six testing conditions wer@ormalization into the standard anatomical spaeeifelow).
presented in a (fully factorial) 23 design with two repeats This imaging was performed with a 2-Tesla system (VISION,
per condition (Fig. 1). To control for time effects the Siemens, Germany) using a three-dimensionalveighted
experimental conditions were fully counterbalanced bothmaging technique producing 108 transaxial slices X 1.5
within and between subjects. mm) which gave high grey—white matter contrast.

The experiment employs a fully crossed factorial design
in which one factor has three levels (object-based, space-
based, control) and the other factor has two levels (with eye ]
movements, without eye movements). This gives a total ofMage processing
six different conditions, and therefore only two replicationsAll calculations and image manipulations were performed on
for each of these conditions across the twelve scans (p& SPARC workstation (SUN Computers). PROMATLAB
subject). However, this small number of replications ofsoftware (Mathworks, USA) was used to calculate and display
conditions is not associated with a loss of statistical powerimages. Statistical parametric mapping (SPM) software
By virtue of the factorial design, the various contrasts (i.e.(SPM96; Wellcome Department of Cognitive Neurology,
the main effects and interaction terms) are all based on dtondon, UK) was used for image realignment, image
least eight scans (per subject). Furthermore, 12 subjects wen@rmalization, smoothing, and to create statistical maps of
studied (i.e. each contrast is based on at least 96 scans). significant relative rCBF changes (Fristehal., 1995, b).
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Table 1 Brain activity associated with object-based tasks and space-based tasks

Region Side Coordinates Z-score

X y z

(A) (Object-based+ space-basedy control

Superior medial parietal [1] L -12 -66 52 6.5
(BA 7/19) R 8 —66 52 3.7
Lateral inferior parietal L -36 -44 48 4.3
(BA 40/7)
Cerebellar vermis [3] M 4 -68 -16 5.2
Dorsolateral prefrontal cortex [2] L -50 30 30 4.0
(BA 9)

(B) Control > (object-based+ space-based)
Posterior occipital cortex [4] L =22 -96 -12 4.0
(BA 17/18) R 34 -94 -2 5.6

Numbers in square brackets refer to labels in Fig. 2. BBrodmann area (based on the atlas of
Talairach and Tournoux, 1988); £ left; R = right; M = midline. Coordinates (in standard stereotactic
space, Talairach and Tournoux, 1988) refer to maximally activated foci as indicated by the Higloese
within an area of activation associated with object-based attention relative to the control task (and vice
versa) as followsx = distance (mm) to right{) or left (-) of the midsagittal (interhemispheric) line;

y = distance anterior<) or posterior (=) to the vertical plane (VAC) through the anterior commissure
(AC); z = distance above) or below (=) the intercommissural (AC—PC) line.

Realignment, transformation and smoothing of (analysis of covariance) generated a condition specific
PET images adjusted mean rCBF value (arbitrarily normalized to 50 ml/

SPMO6 software (Fristoet al, 199%) was used to realign 100 ml/min) and an associated adjusted error variance (Friston

all PET scans to the first emission scan to correct for hea@t @l 1999). This allowed the planned comparisons of the
movement. A mean relative rCBF image was created fofhe€an blood flow distributions across all sets of conditions.
each subject. Each individual's MRI and PET mean imagd0r €ach pixel, across all subjects and all scans, the mean
(serving as a template for the individual PET images) Weréelatlve_rCBF values were _calculated separately for each of
then transformed into a standard stereotactic anatomical spalié¢ main effects. Comparisons of the means were made
(Talairach and Tournoux, 1988; Fristet al, 199%) using  USing thet statistic and thereafter transformed into normally
linear proportions and a non-linear sampling algorithm. Thedistributed Z statistics. The resulting set of-values
PET images were thereafter filtered using a low-pass Gaussi&ipnstituted a statistical parametric map (SBMhap) (Friston
filter (resulting in an image resolution of 12 mm) to reduce®t al, 199%). For the contrasts of interest, the significance
the variance due to individual anatomical variability and to©f these statistical parametric maps was assessed by
improve signal-to-noise ratio (Fristoet al, 199%). The = comparing the expected and observed distribution oftthe
resulting pixel size in stereotactic space was22mm with ~ Statistic under the null hypothesis of no differential activation
an interplane distance of 4 mm. Data were thereafter expressé&dfect on rCBF. Only activations that were within the

in terms of standard stereotactic Coordinatgs)( Z) as established visual proceSSing Stream (le ventral and dorsal),
defined in Table 1). the eye movement system or the attentional system, and

which were significant in the above described sende at

0.001 or better, are reported. Other (non-predicted, i.e. outside
Statistical analysis the visual processing pathways, the eye movement system
Following stereotactic normalization and image smoothing0r the attentional system) activations were observed but are
statistical analysis was performed. The main effects of tesenly reported if they were significant & < 0.05, corrected
conditions (object-based and space-based attention), thd@r multiple comparisons. The data were analysed for the
interactions with one another and with eye-movementéwo main effects (object-based and space-based attention,
(allowed or disallowed) were estimated on a pixel-by-pixelwith and without eye-movements) and their interaction; these
basis using SPM96 (Fristoet al., 199%). Task related comparisons were intended to identify those cortical areas
differences in global CBF, within and between subjects, wereoncerned with the properties in question (i.e. object-based
removed by treating global activity as the covariate (Fristorand space-based attention, overt and covert attention) and to
et al, 199%). This removed systematic state-dependeni@ssess whether eye movements or fixation interact with
differences in global blood flow associated with the differentobject-based and space based attention. To image the
conditions which can obscure task related regional alterationsommonalities of object-based and space-based attention, the
in activity. For each pixel in stereotactic space the ANCOVAmain effects of these two tasks combined were compared
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with the control task. To assess hemispheric asymmetries iand greater in the object-based task with fixation (CO) than
rCBF responses, Hemisphet€ondition interactions were in the space-based task with fixation (CS).
identified using SPM96.

o o Space-based attention (relative to object-based
Localization of activations attention)

The stereotactic coordinates of the pixels of local maximunRelative increases in rCBF, associated with directing attention
significant changes in relative rCBF within areas of significang where an object occurred relative to the central dot (with
relative rCBF change associated with the different taskgnd without eye movements combined), were observed in
were determined. The anatomical localization of these locahe right inferior temporal and fusiform gyru® (< 0.001,
maxima was assessed by reference to the standard stereotagfifeorrected; Table 2B and Fig. 3B) and the right dorsolateral
atlas of Talairach and Tournoux (1988) and the Montreahyrefrontal cortex P < 0.001, uncorrected; Table 2B and

Neurological Institute template based on an average of 30fjg. 3B). No significant activations were observed in the
MRIs. Additional validation of this method of localization parietal cortex.

was obtained after superimposition of the SBMmaps on
the group mean MRI calculated after each individual's MRI
had been stereotactically transformed into the same standa

. ; Effects of allowing and disallowing eye
stereotactic space (Fristat al., 199%). 9 g€y

movements
Visual inspection of the EOG records showed that fixation
was maintained during the fixation condition and that eye
Results : - o
) movements were made in the free vision condition. Table
Areas common to object-based and space-based;a symmarizes the regions with increases in relative rCBF
attention (relative to control) associated with free vision (object-based with eye movements
Table 1A summarizes the regions showing increases in- space-based with eye movements control with eye
relative rCBF common to these two directed attention task$novements> object-based without eye movementspace-
(each with and without eye movements) when compared withhased without eye movements control without eye
the respective control tasks. Figure 2 provides a pictoriamovements). Figure 4A provides a pictorial representation
representation in the form of SRM maps of these areas. in the form of a SPN, map. Significant increases in
Significant increases in relative rCBF were observed in theelative rCBF were observed in the occipital cortex bilaterally,
left and right medial and left lateral parietal cortex including striate and prestriate corte® € 0.001, corrected;
(P < 0.001, corrected for multiple comparisons), in the left Table 3A and Fig. 4A).
dorsolateral prefrontal corte}(< 0.001, uncorrected), and  Table 3B summarizes the regions showing increases in
the cerebellar vermisP( < 0.01, corrected; Table 1A and relative rCBF associated with disallowing eye movements
Fig. 2A). (object-based without eye movemenrtsspace-based without
Increases in relative rCBF that were common to the controbye movements- control without eye movements object-
tasks (with and without eye movements) relative to the twobased with eye movements- space-based with eye
experimental conditions (object-based and space-based tasksovements+ control with eye movements). Figure 4B
each with and without eye movements) were observed in thprovides the respective pictorial representation in the form
left (P < 0.001, uncorrected) and right inferior occipital of a SPMz map. Significant increases in relative rCBF were
cortex P < 0.001, corrected). observed in the inferior occipital cortex bilaterally extending
into the fusiform gyri on the leftF < 0.001, uncorrected,;
Table 3B and Fig. 4B) and righP(< 0.001, corrected; Table
Object-based attention (relative to space-based 3B and Fig. 4B).
attention)
Table 2A summarizes the principal areas with increases in
relative rCBF associated with directing attention to thelnteractions
attribute within the object (with and without eye movementsA significant interaction between eye movements and the
combined). Figure 3A provides a pictorial representation inactivations engendered by object-based and space-based tasks
the form of SPMz maps of the areas with relative rCBF (space-based with eye movements — object-based with eye
increases. A significant increase in relative rCBF wasmovements versus space-based without eye movements —
observed in the left posterior occipital cortex, including theobject-based without eye movements) was observed in the
striate and prestriate cortef (< 0.001, uncorrected; Table right superior parietal corteXP(< 0.001, uncorrected; Table
2A and Fig. 3A). As shown in the blood flow plot, adjusted 4 and Fig. 5) and the left inferior parietal corteX € 0.001,
rCBF is greater in the object-based task with eye movementsncorrected; Table 4 and Fig. 5). As shown in the blood flow
(O0) than in the space-based task with eye movements (O)lots, there is a differential blood flow response dependent
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upon whether or not subjects moved their eyes. In the objecteft fusiform gyrus P < 0.001, uncorrected; Table 5 and

based conditions, adjusted rCBF is greater during the covefig. 6); no significant activations were observed in the

attention task, while in the space-based conditions adjustesliperior or inferior parietal cortex.

rCBF is greater during the overt attention task. Therefore,

this interaction involves an augmentation of activation in the

left inferior parietal cortex and the right superior parietal Hemispheric asymmetries

cortex when eye movements were disallowed during théhe observed hemispheric asymmetries were not significant

object-based task, or when they were allowed during thevhen tested for Hemisphexe&Condition effects, suggesting

space-based task (Fig. 5). that differences between hemispheres were relative rather
than absolute.

Object-based attention without eye movements
Significant activations associated with the object-based taskiscussion
without eye movements relative to the object-based task withWe manipulated attention towards either space-based or
eye movements were observed in the right superior parietalbject-based attributes of identical stimuli, to localize
cortex P < 0.001, uncorrected; Table 5 and Fig. 6), in thedifferentially activated brain regions in a group of normal
left inferior parietal cortex® < 0.001, uncorrected; Table 5 volunteers. In addition, the commonalities of object-based
and Fig. 6) and the right inferior occipital corteR € 0.001, and space-based attention were imaged in relation to a control
uncorrected; Table 5 and Fig. 6). task. Our findings are consistent with the hypothesis that
object-based and space-based attention share common neural
mechanisms in the lateral inferior and medial superior parietal
Space-based attention without eye movements areas; the demonstration of additional differentially activated
Significant activations associated with the space-based tasksestriate and prefrontal areas also suggests the presence of
without eye movements relative to the space-based task wittask-specific neural mechanisms. The effects of the eye
eye movements were observed in the Igft € 0.001, movement system on the object-based and space-based
uncorrected; Table 5 and Fig. 6) and rigi® & 0.05, attentional systems were also studied. A significant interaction
corrected; Table 5 and Fig. 6) inferior occipital cortex, theof fixation versus eye movements on object-based and space-

Table 2 Brain activity during object-based (relative to space-based) and space-based (relative
to object-based) tasks

Region Side Coordinates Z-score

X y z

(A) Object-based> space-based

Striate and prestriate cortex [1] L -18 -86 12 3.6
(BA 17/18)

(B) Space-based- object-based
Inferior temporal/fusiform gyri [3] R 58 -36 -30 3.7
(BA 20)
Dorsolateral prefrontal cortex [2] R 20 54 30 3.8
(BA 9)

Details as in Table 1. Numbers in square brackets refer to labels in Fig. 3.

Fig. 2 Relative rCBF increases (for the 12 subjects) associated witlal{ experimental conditions (OG CS + OS + CO > OC +

CC) and B) the control conditions (OG- CC > OO0 + CS + OS + CO), where: OO= object-based task with eye movements;

CS = space-based task without eye movements;-©Control task with eye movements; CE control task without eye movements;

OS = space-based task with eye movements; and=€6bject-based task without eye movements. Areas of significant relative rCBF
increasesR < 0.001, uncorrected) are shown as through-projections onto representations of standard stereotactic space (Talairach and
Tournoux, 1988; Fristoet al., 199%). Sagittal, side view; transverse, view from above, coronal, view from the back. To detail the
functional anatomy of the activations and their relationship to underlying anatomy, the respectiyg &Rlds were superimposed upon
the group mean MRI, that has been spatially normalized into the same anatomical space (Talairach and Tournoux, 19&8;aFriston
1995). The exact coordinates of the local maxima (identified by numbers in boxes) within the areas of activation andtttestics

are given in Table 1. In addition, adjusted mean rCBF (arbitrarily adjusted to a mean of 50 ml/dl/min) and the individual rCBF values
per condition are displayed for the respective pixel of maximally significant relative rCBF increase within the area of iAtdedst (
superior medial parietal corteB, right inferior occipital cortex). R= right, A = anterior, P= posterior, VAC= vertical plane through

the anterior commissure. The numbers at axes refer to coordinates of standard stereotactic space (Talairach and Tournoux, 1988).
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Table 3 Brain activity during visual attention tasks with eye movements allowed (relative to
disallowed eye movements) or disallowed (relative to allowed eye movements)

Region Side Coordinates Z-score

X y z

(A) Allowed eye movements- disallowed eye movements

Striate and prestriate cortex L ) —76 6 7.0

(BA 17/18) R 18 -74 8 6.9
(B) Disallowed eye movements allowed eye movements

Inferior occipital cortex/fusiform gyrus L -50 -78 -24 4.1

(BA 37) R 30 -96 -16 5.9

Details as in Table 1.

based attention was observed in the superior medial parietaktention included the inferior temporal/fusiform gyrus and
and the inferior lateral parietal cortex, but not in the inferiorthe dorsolateral prefrontal cortex. Right hemispheric
temporal/prestriate areas. specialization for space-based tasks has been reported
previously (Heilman and Van Den Abell, 1980; Mesulam,
1990). Activation in the inferior temporal—occipital stream
Top-down versus bottom-up effects in a task involving spatial attention has also been reported
Previous functional imaging (Heinzt al., 1994; Finket al., (Corbetteet al., 1993). The involvement of the right prefrontal
1996, 199B) and electrophysiological studies in man andcortex in attentional tasks has been established in previous
macaques (Moran and Desimone, 1985; Spitteaal., 1988; functional imaging studies (Corbeg#al.,, 1991; Pardet al.,
Motter, 1993) have demonstrated modulation of early visuall991) and direct connections between the prefrontal and the
processing activity as a function of task requirements. Tgosterior parietal cortex have been demonstrated
assess ‘top-down’ effects we used visual stimuli that wereneuroanatomically (Petrides and Pandya, 1984; Andersen,
identical across conditions. The sole change across conditiod®995).
(object-based/space-based tasks) was the instruction to the
subjects to direct attention to and report the different

appropriate attributes. With identical stimuli, differences in Effects of eye-movements on the attentional
‘higher-order’ areas like the medial and lateral parietal areagystems

or prefrontal areas cannot be explained as ‘bottom-UpThe attentional and eye movement systems are closely linked

(stimulus-driven) effects, but rather reflect differential (Rizzolatti, 1983; Sheligaet al, 1994, 1995; Kustov and

engagement of higher order attentional systems. Robinson, 1996). While we usually move our head and eyes
to fixate an attention-capturing stimulus, attention can be

. N . oriented covertly towards a location in the visual field without
Regional aCt'Vat'on_S due to ObJeCt'ba_sed an_d moving the head or eyes. It has been proposed that shifts of
space-based attention: shared and differential  visual attention activate the same neural networks as those
functional anatomy programming saccadic eye movements, the only difference
The network of areas activated by both the object-based arloking a suppression of the executive decision to perform
space-based tasks (relative to the control task) included theye movementsseethe ‘premotor theory of attention’ of
medial superior parietal cortex bilaterally, the lateral inferiorRizzolatti et al. (1987). Covert shifts of attention enhance
parietal cortex on the left, the dorsolateral prefrontal cortexhe detection of events in the pre-cued space (Posner, 1980)
on the left and the cerebellar vermis. Except for the latterboth in terms of speed of performance and reduction of
these areas have previously been implicated in visual attenticthreshold for target detection. Normally, however, attentional
(Mesulam, 1990). shifts lead to eye movements that bring the percept of interest

The areas differentially activated during object-basednto focus. While the behavioural effects of attention on eye-
attention (the left striate and prestriate cortex) are part of thenovements and vice versa have been studied in great detalil
ventral pathway for face and object matching tasks (HaxbyPosner, 1980; Sheligat al, 1995), little is known about
et al., 1994). Furthermore, we recently reported (Fé@ikal,  the neural basis of such interactions.
199M) that these areas are activated in a directed attention According to the ‘premotor theory of attention’ (Rizzolatti
task which involved processing of global aspects ofet al, 1987) one would expect no differences between
hierarchically structured objects (i.e. objects made of smalleconditions with and without eye movements (except for
objects) within the same category. The differential rightdifferential effects in visual processing areas due to peripheral
hemispheric activations observed during space-basegdr central retinal stimulation). Comparison of parts A and B
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in Fig. 4 confirms what was observed on the EOG: namelyin striate and prestriate areas most likely reflect differential
that eye movements indeed took place in the free visiorengagement of the respective retinotopic fields within
condition. The observed lack of differential activations in V1/V2/V3, consistent with the spatial organization of early
eye movement areas in our study suggests a similar degregsual areas.

of neural engagement in these regions in both conditions, A significant interaction of eye movements on object-
and thus adds further support to the ‘premotor theory obased and space-based attention was observed in the right

attention’.

This finding is supported by independentsuperior parietal cortex and the left inferior parietal cortex.

observations that the frontal eye fields are activated duringhe rCBF data indicated that the interaction reflected an
fixation (Petit et al, 1995). The differential activations increase of rCBF during the object-based task without eye
observed in the conditions with and without eye movementsnovements and a decrease during the space-based task with
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space-based tasks (CO — OOCS — OS). The exact coordinates of the local maxima (identified by numbers in boxes) within the areas
of activation and theiZ statistics are given in Table 4. For further detaiéslegend to Fig. 2.

Table 4 Brain activity changes due to an interaction of allowing/dis allowing eye movements
and object-based/space-based tasks

Region Side Coordinates Z-score
X y z
Superior parietal cortex [1] R 18 -54 66 3.9
(BA 7)
Inferior parietal cortex [2] L —48 —42 36 3.1
(BA 40)

Details as in Table 1. Numbers in square brackets refer to labels in Fig. 5.
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eye movements. Further significant activations during theAndersen, 1996). Suppression of eye movements in covert
object-based task without eye movements relative to thattention tasks may involve this region in a similar way in
object-based task with eye movements were observed in tHeumans. The region may also be activated irrespective of
right inferior occipital cortex. We have argued that the parietaleye movements, as has been demonstrated for the superior
areas activated are part of an attentional system common tlliculus in monkeys (Kustov and Robinson, 1996).
both the space-based and object-based tasks. Thus, additionalt has also been proposed that the posterior parietal cortex
areas activated in the object-based task without eyenay be involved in disengaging attention (Posméral.,
movements have further functional implications. It is likely 1984). In a study in which sensorially cued peripheral
that subjects first oriented their attention covertly to thetargets appeared across changing locations, superior parietal
stimulus as a whole and then analysed the object for wheractivations have been attributed to covert shifts of visuospatial
the target (left or right of the object) occurred. The superiorattention (Corbett&t al., 1993). However, activation of this
parietal activation may therefore reflect this covert shift ofsame area has also been found in a feature conjunction search
attention. The right inferior occipital cortex activation may task (Corbetteet al., 1995) and in a divided attention task
reflect additional local processing of object-based attributegvolving global and local processing (Firdt al., 1997).
(Fink et al, 199b). On the other hand, the space-basedThis suggests that the region is involved in more than shifts
task without eye movements did not show any significantf spatial attention.
activations (relative to the space-based task with eye We observed no additional superior parietal activation
movements) in inferior or superior parietal regions; thisduring the space-based attention task without eye movements
suggests that no significant differential demand was imposedver and above the activation seen in the space-based task
on this system during overt and covert attention tasks. with eye movements; there is, however, activation of the
superior parietal cortex bilaterally in both object-based and
space-based tasks relative to the control tasks. This suggests
The parietal cortex that this area is activated by attention to both stimulus
Most functional imaging studies in humans implicate alocation and stimulus features.
superior region in the posterior parietal lobe for visual In the current study, we also found activation in the left
attention (Corbettat al., 1991, 1993; Andersoet al., 1994). inferior parietal lobe, in particular in area 40. Most previous
By contrast, non-human primate brain studies (Mountcastléunctional imaging studies of visuospatial attention have not
et al, 1981; Lynch and McLaren, 1989; Andersen, 1995;reported activation in this area; we suggest that this area is
Steinmetz and Constantinidis, 1995) and neuropsychologicalctivated when subjects are required to locate an object in
studies in patients (Milner and Goodale, 1995) stronglyperipheral space and/or when they must make a judgement
suggest that the inferior parts of the posterior parietal lob@bout object-based properties. Failure of previous studies to
are crucially important in visuospatial attention. There aredetect activation in this area with visuospatial tasks (Corbetta
several possible reasons for this discrepancy. et al, 1993) or object pattern orientation (Vandenberghe
Some of the activations observed in covert attention taskst al., 1996) may also be explained by the blocked design
to visual stimuli seem to lie within and around the intraparietalused in those studies (i.e. attention was directed to one side
sulcus. In the monkey, neural activity has been demonstrateaf the visual field in a given block of trials). In the right
in this region when eye movements are made (Thier anduperior medial parietal cortex we observed an interaction of

Table 5 Brain activity during the object-based task with eye movements disallowed and the
space-based task with eye movements disallowed

Region Side Coordinates Z-score
X y z

(A) Object-based without eye movementsobject-based with eye movements
Superior parietal cortex [1] R 20 -52 66 4.2
(BA 7)
Inferior parietal cortex [2] L -50 —44 34 3.2
(BA 40)
Inferior occipital cortex [3] R 30 -100 -18 3.5
(BA 18/19)

(B) Space-based without eye movementspace-based with eye movements
Inferior occipital cortex [4] L -36 -90 -22 3.7
(BA 18/19) R 32 -96 -16 4.7
Fusiform gyrus [5] L -50 -74 =22 4.0
(BA 17/18)

Details as in Table 1. Numbers in square brackets refer to labels in Fig. 6.
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overt and covert attention on object-and space-based tasksrms of space- and object-based attention, but the tasks
similar to that seen in the left inferior parietal lobe. Thesecould equally well be described as involving different forms
findings suggest task-related attentional modulation of neuralf spatial representation. The general issue is whether ‘the
activity in posterior parietal cortex as has been demonstratefiinctional architecture of spatial attention’ is intrinsically
in animal studies (Mountcastlet al, 1981; Goldberg and modular (Umilta, 1995) or whether the same attentional
Segraves, 1987; Assad and Maunsell, 1995). mechanisms can be applied across different stimulus-
domains. Bisiach (1993) has attempted to resolve this
controversy by pointing out that ‘attention has to be viewed
Possible confounds as a concept abstracted from, and supraordinate to,
It is possible that the control task (line length discrimination)representation’. On this view, ‘there is no room for a
preferentially activated the right hemisphere (Szatkowskarincipled conflict between representational and attentional
et al, 1993) due to the subjects focusing their attentioninterpretations of neglect’ (Bisiach, 1993).
primarily to the left hemispace. We suggest that this Our results show increased neural activity in medial and
interpretation is unlikely, since if it were true one would lateral parietal cortex during covert object-based attention
expect the activations in Fig. 2B to be more asymmetricalover and above activation of these areas due to the main
than they are; no significant differences were observea@ffects of space- and object-based attention). The covert
between hemispheres. object-based condition involves forming a representation that
In terms of task-demands, what we have called the spacéacludes both the fixation dot and the stimulus-object (parsed
based task requires simply that the observer detects arndto a line and a square). This representation is more complex
reports the position in space of the stimulus-object as #han that of the line and square without the fixation dot that
whole. Specifically, the subject must state whether thesuffices in the overt object-based condition. Our results
stimulus occurs to the left or right of the fixation dot (which accordingly suggest that more complex representations
is itself aligned with the subject's midsagittal plane). By demand greater processing resources in areas implicated in
contrast, the object-based condition could be described impatial attention (Posner, 1980; Posretral, 1984) and
three ways. The task could be performed by mechanisms déature conjunction (Friedman-Hidt al., 1995).
(i) object recognition, (ii) orientation detection, and (iii) the
spatial positioning of parts of an object relative to the whole.
To a considerable extent, proposals (i) and (i) can be reduce@linical implications
to (iii) in the context of our experiment. Thus the stimulus- Deficits in visual attention can result from a variety of
objects that we deployed did not differ in shape (i) (e.g. aesions to both cortical and subcortical structures. Spatial
square versus a triangle), but rather in orientation (ii). Themanifestations of neglect are observed in the everyday
assignment of an orientation to the stimuli would, howeverbehaviour of patients. Right hemispheric dominance for
depend upon parsing each stimulus into a line and a squarésuospatial attention is suggested by the greater incidence
and determining at which end of the line the square appeareaf chronic neglect after right hemispheric lesions, typically
on each trial (iii). It is in this sense that our experimentincluding the parietal lobe (Heilman and VVan Den Abell, 1980;
differs from previous studies of object-based attention wherdlesulam, 1981). Nevertheless, patients with left hemisphere
the task has been to discriminate, recognize, or name shapemmage can show right-sided neglect in the acute stage, and
Nonetheless, it remains the case that the object-based taakfew manifest chronic right neglect (Halliga al., 1991).
could have been performed in several partially distinct waysThe current study complements lesion studies in
Spatial coding of local parts relative to the whole object doeslemonstrating the importance of the parietal cortex in the
not necessarily implicate the same processes as codiratentional control of space-based visual attention. It
orientation of a global shape. If the experiment had involvedurthermore demonstrates that a similar network of medial
stimuli in different orientations and the verbal response wasand lateral parietal areas is involved in object-based visual
e.g. ‘horizontal’ or ‘vertical’, global processing would be a attention. We propose that the parietal areas implicated in
strong candidate to describe the task-demands. However, tlodject-based and space-based attention tasks reflect activation
design of our experiment should, by contrast, predispose thef a common attentional network (Tipper and Behrmann,
subject to engage in relational rather than global processin§j996). These findings are consistent with the clinical
in the object-based task. Our instructions stress that the taslbservation that patients with object-based neglect have
is to respond ‘left’ or ‘right’ according to where the square lesions involving the dorsal visual stream (Gainati al.,
is relative to the line. 1972; Marshall and Halligan, 1993).
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