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Summary

Functional magnetic resonance imaging (fMRI) and
surface-based representations of brain activity were
used to compare the functional anatomy of two tasks,
one involving covert shifts of attention to peripheral
visual stimuli, the other involving both attentional and
saccadic shifts to the same stimuli. Overlapping re-
gional networks in parietal, frontal, and temporal lobes
were active in both tasks. This anatomical overlap is
consistent with the hypothesis that attentional and
oculomotor processes are tightly integrated at the
neural level.

Introduction

We simultaneously attend to and look at objects in a
visual scene by means of saccadic eye movements that
rapidly bring the fovea, the retinal region of highest acu-
ity, onto stimuli of interest. It is possible, however, to
dissociate the locus of attention from the line of gaze
(James, 1890), i.e., to attend to different peripheral ob-
jects while maintaining eye fixation (covert attention).
Attending to a spatial location improves the detection
and discrimination of stimuli presented at that location,
even when eye movements are not allowed (Eriksen and
Hoffman, 1972; Posner, 1980; Bashinski and Bachrach,
1984, Downing, 1988; Hawkins et al., 1988). These find-
ings have suggested the existence of brain mechanisms
for selecting information from various locations in the
visual field (visuospatial attention) (Posner, 1980; Treis-
man and Gelade, 1980; Koch and Ullman, 1985; Ullman,
1996).

The relationship of visuospatial attention and eye
movements is controversial. While the two systems can
work independently, as when attention moves to a pe-
ripheral location while the eyes hold fixation, the prepa-
ration of an eye movement toward a location appears
to induce a concurrent shift of attention toward the same
location (Shepherd et al., 1986; Chelazzi et al., 1995;
Hoffman and Subramaniam, 1995; Kowler et al., 1995;
but see Klein, 1980; Posner, 1980; Remington, 1980; and
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Stelmach, 1997, for a different view). One theory has
proposed that attentional shifts involve covert oculomo-
tor preparation (Rizzolatti et al., 1987). Overall, the psy-
chological evidence indicates that attention and eye
movements are functionally related, but it remains un-
clear to what extent these two sets of processes share
neural systems and underlying computations.

At the neural level, single unit studies in awake behav-
ing monkeys have demonstrated that attentional and
oculomotor signals coexist. In many cortical and sub-
cortical regions in which oculomotor (e.g., presaccadic/
saccadic) activity has been recorded during visually
guided saccadic eye movements, i.e., frontal eye field
(FEF, e.g., Bizzi, 1968; Bruce and Goldberg, 1985), sup-
plementary eye field (SEF, e.g., Schlag and Schlag-Rey,
1987), dorsolateral prefrontal cortex (e.g., Funahashi et
al., 1991), posterior parietal cortex (e.g., Mountcastle et
al., 1975; Robinson et al., 1978; Andersen et al., 1987),
substantia nigra (e.g., Hikosaka and Wurtz, 1983a), cau-
date nucleus (e.g., Hikosaka et al., 1989a), and pulvinar
nucleus of the thalamus (e.g., Petersen et al., 1985), the
response to visual stimuli is also modulated by their
behavioral relevance (Wurtz and Goldberg, 1972; Wurtz
and Mohler, 1976a, 1976b; Bushnell et al., 1981; Gold-
berg and Bushnell, 1981; Hikosaka and Wurtz, 1983b;
Petersen et al., 1985, 1987; Boch and Goldberg, 1989;
Hikosaka et al., 1989b; Steinmetz et al., 1994; Robinson
and Kertzman, 1995; Robinson et al., 1995; Colby et al.,
1996; Kustov and Robinson, 1996; Kodaka et al., 1997).
For example, in parietal cortex, stimuli presented at
task-relevant locations tend to produce a different visual
response than stimuli presented at task-irrelevant loca-
tions (spatially selective visual modulation) (Bushnell et
al., 1981; Steinmetz et al., 1994; Robinson et al., 1995;
Colby et al., 1996). Overall, the single unit data provide
strong evidence that some areas mediate both atten-
tional and oculomotor processes but do not rule out the
possibility that other areas may be solely involved in
one or the other function.

Neuroimaging studies in humans have activated simi-
lar regions in parietal and frontal cortex when people
covertly direct their attention toward peripheral visual
stimuli during detection or discrimination tasks (Cor-
bettaetal., 1993, 1995; Vandenberghe et al., 1996, 1997;
Nobre et al., 1997), or when they look at peripheral visual
stimuli during oculomotor localization tasks (Fox et al.,
1985; Paus et al., 1993, 1995; Petit et al., 1993, 1996,
1997; Anderson et al., 1994; Lang et al., 1994; Darby et
al., 1996; Muri et al., 1996; Sweeney et al., 1996; Bodis-
Wollner et al., 1997; Law et al., 1997; Luna et al., 1998).
In the latter condition, attentional shifts are coupled with
(and possibly precede) oculomotor shifts toward the
stimulus location (e.g., Shepherd et al., 1986). It is un-
known, however, if the same anatomical regions are
actually recruited in the two conditions, since no experi-
ment has directly compared them in the same group of
subjects.

In a recent retrospective meta-analysis of published
imaging studies on visuospatial attention and visual sac-
cadic eye movements, all regions in parietal and frontal
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SHIFTING ATTENTION

EYE MOVEMENTS

Figure 1. Diagrams of Visual Display and
Task Paradigms
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followed by a variable interstimulus interval
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ms. Boxes were located at 1°, 3°, 5°, 7°, and
10° of visual angle. The arrows indicate se-
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quential shifts of attention made on each trial
in anticipation of the probe. The ovals define

TIME  g— Attention Shifts
O Eye Position

the position of the eyes: in the center during
the shifting attention task and while moving
in anticipation of the stimulus probe in the eye
movement task. In the attention task, probe

stimuli appeared in the left visual field. In the eye movement task, probe stimuli appeared in the fovea, since the change of fixation preceded
their presentation. In the fixation control task, the same array of boxes was displayed in the absence of stimulus probe.

cortex driven by attention were also active during visual
saccades. Some segregation in the pattern of activation
was also observed, with foci for attention in the frontal
lobe more anteriorly located than foci for eye move-
ments (Corbetta, 1998). This meta-analysis was limited
by variability in both the experimental protocols and the
underlying anatomy among different groups of subjects.
To more directly compare the neural systems controlling
visuospatial attention and eye movements in the same
group of subjects, functional magnetic resonance imaging
(fMRI) and surface-based representations of functional
brain activity (flat maps) were used to study the func-
tional anatomy of tasks in which attention was shifted
to visual stimuli, with or without concurrent eye move-
ments. If visuospatial attention and oculomotor pro-
cesses share the same areas, the corresponding pattern
of cortical activation should greatly overlap; conversely,
if they are partially implemented through different areas,
some regions related to oculomotor preparation/execu-
tion should be active only when the eyes are allowed
to move.

Results

Subjects were scanned in a blocked fMRI design on
three experimental tasks. In the “shifting attention” task,
subjects were instructed to maintain central fixation and
sequentially shift attention along a predictive series of
box locations (1°, 3°, 5°, 7°, 10°, 1°, etc.) in the left visual
field, to detect the onset of a visual probe. The shift of
attention was endogenously generated since it occurred
prior to probe onset. We used this task in an earlier
positron emission tomography (PET) experiment (Cor-
betta et al., 1993) to localize regions related to shifts of
attention. In the “eye movement” task, subjects were
instructed to sequentially shift fixation (and presumably
attention) along the series of box locations in order to
detect upcoming probes. As in the shifting attention
task, the sequence of locations was predictive, and sub-
jects were instructed to move the eyes to the next loca-
tion prior to the onset of the visual probe. Hence, the
probes were always presented at the fovea during the
eye movement task, in contrast to their peripheral posi-
tion in the shifting attention task. In a “fixation” control
task, subjects viewed and maintained central fixation on
the same array of boxes, and no probes were presented
(Figure 1).

Behavior

In a 1 hr psychophysical session, subjects were trained
to maintain fixation during the shifting attention and
fixation tasks and to perform accurate saccades during
the eye movement task. Eye position was monitored
with electro-oculogram (EOG), and feedback was given
throughout the training session about the precision of
fixation. Loss of fixation during fixation and shifting
attention tasks was detected in <2% of the trials. The
efficacy of the attentional instruction in the shifting
attention task was assessed by measuring manual
(speeded key presses) reaction times to visual probes
appearing at expected locations, i.e., following the pre-
dictive sequence of locations (80% of trials), and at
unexpected locations (20% of trials) in the same visual
field. Reaction times were faster at expected than at
unexpected locations (273 versus 310 ms, F[1,5] =
36.11, p < 0.001). The sequence of probe locations was
100% predictive in both attention and eye movement
tasks during the fMRI experiment.

fMRI

Different pairs of experimental tasks were randomly al-
ternated in each fMRI scan: (1) shifting attention versus
fixation, (2) eye movement versus fixation, and (3) shift-
ing attention versus eye movement. To avoid the con-
found of different effectors (hand versus eye) in the two
tasks (attention versus eye movements), subjects were
instructed to perform the shifting attention task as in
the behavioral session, but without pressing a key to
signal the detection of the visual probes.

The top row of Figure 2 shows group average regions
of activation in the shifting attention task compared to
fixation. In the parietal and frontal lobes, regions near
intraparietal sulcus (IPS), precentral sulcus (PrCeS),
posterior end of superior frontal sulcus (SFS), medial
frontal gyrus (MeFG), middle frontal gyrus, and frontal
operculum (latter two regions not shown) were localized
bilaterally, albeit more strongly in the right hemisphere,
contralateral to the stimulated/attended left visual field
(Table 1 for location and magnitude). In the occipital
and temporal lobes, other activations were localized
in the right hemisphere in lateral occipital cortex (LO),
human middle temporal (MT) complex, near the superior
temporal sulcus (STS), and more dorsally at the junction
between intraparietal and transverse occipital sulcus
(IPS/TOS).
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Attention-fixation

Eye -fixation

Attention-eye

Figure 2. z Maps of BOLD Signal in Attention versus Fixation, Eye Movement versus Fixation, and Attention versus Eye Movement

Activity data superimposed onto anatomical MR images. Anatomical left is on the image left. Abbreviations: MeFG, medial frontal gyrus; SFS,
superior frontal sulcus; PrCeS, precentral sulcus; IPS, intraparietal sulcus; TOS, junction intraparietal/transverse occipital sulcus; STS, superior
temporal sulcus—gyrus; MT, middle temporal; LO, lateral occipital; CalcS, calcarine sulcus; Ling, lingual gyrus; Fus/Cbl, fusiform gyrus/vermis
cerebellum; CUN, cuneus, parieto-occipital, posterior cingulate. Note that the range of color values in the top two images is 0 < z < 10; hence,
green corresponds to z = 5. In the bottom image, the range of values is —10 < z < 10, and green corresponds approximately to z = —5.

The middle row of Figure 2 shows the group average
functional anatomy of the eye movement task as com-
pared to fixation. As expected based on previous oculo-
motor studies, regions of activations were localized
bilaterally in frontal cortex near precentral sulcus, poste-
rior end of superior frontal sulcus, medial frontal gyrus,
and parietal cortex along the intraparietal sulcus. These
regions strongly overlapped with those recruited during
covert shifts of attention, albeit at a lower level of activa-
tion (compare the top and middle rows of Figure 2 and
the location/magnitude of foci in Table 1). In contrast
to the attention task, strong activations were localized
in occipital cortex along the calcarine sulcus (CalcS)
and the lingual (Ling) and fusiform (Fus/Cbl) gyri. Other
extrastriate visual regions driven by the attention task
(see above) were also active during the eye movement
task. The posterior vermis of the cerebellum (Fus/Cbl)
was uniquely driven by eye movements.

The bottom row of Figure 2 shows a direct contrast
between shifting attention and eye movement tasks,
conducted in a separate set of scans. Frontal and pari-
etal regions, localized in attention—fixation and eye

movement—fixation, were replicated and significantly
more active in the right hemisphere (contralateral to the
stimulated/attended left visual field) during the attention
task (Table 1). No new regions were identified by this
subtraction (with the exception of the inferior frontal
gyrus, which was only weakly active in attention—
fixation; see Table 1). In contrast, stronger activity was
recorded in medial occipital cortex, both ventrally and
dorsally, during the eye movement task. The ventral
regions (calcarine, lingual, and fusiform) corresponded
to those identified in the eye movement—fixation image.
The dorsal regions (cuneus, parieto-occipital sulcus,
posterior cingulate) corresponded to relative deactiva-
tions that were recorded in the shifting attention—
fixation image (data not shown). Deactivations in these
regions have been observed across many other visual
processing experiments (Shulman et al., 1997). Finally,
medial cerebellar regions were also significantly more
active during eye movements, as observed in the first
two subtractions. Overall, the contrast attention—eye
movement yielded a spatial pattern of activation that
was analogous to the one identified in the former two
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Figure 3. Three-Dimensional Surface Reconstruction and Flattened Cortical Map of the Right Hemisphere in Subject 1582

Activity data with a z score > 5.0 were coregistered and colored; the shifting attention task is shown in red, the eye movement task in green,
and the overlap in yellow. The inset highlights the precentral region that includes the frontal eye field (FEF). Activity data are plotted using a
42 value color scale in which red/max/z score = 11 and black/min/z score = 5.

contrasts (attention—fixation, eye movement—fixation).
This provides further evidence that a highly overlapping
network of cortical regions was recruited, but to different
degrees, by both tasks.

Flat Maps

To more precisely localize functional activity in relation-
ship to the underlying cortical geography, we computed
the flattened surface representations of the cortical
mantle in two subjects and projected the corresponding
functional data (Drury et al., 1996; Van Essen and Drury,
1997). Cortical surface reconstructions allow the visual-
ization of activity buried into sulci while preserving the
exact topological relationship between adjacent points.
In lateral frontal cortex, activity near the PrCeS was
precisely localized to the posterior bank of the sulcus,

along its ventral-dorsal extent up to the intersection
with the superior frontal sulcus. In medial frontal cortex,
a second region was localized on the MeFG, extending
into the cingulate sulcus/gyrus (CiS). Three distinct pari-
etal regions were activated corresponding to the ante-
rior and posterior end of the IPS and its junction with
the transverse occipital sulcus (TOS). In temporal cortex,
another region was localized on the anterior bank of
the superior temporal sulcus and the superior temporal
gyrus (STS) (Figures 3 and 4).

In both subjects, a remarkable degree of overlap was
evident in the pattern of activation for shifting attention
and eye movement tasks. Across the whole brain (with
the exception of the occipital lobe) no region was
uniquely active in one or the other condition. Table 2
shows a quantitation across the five subjects of the
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Figure 4. Three-Dimensional Surface Reconstruction and Flattened Cortical Map of the Right Hemisphere in Subject 611

See Figure 3 legend.

functional overlap within each of the regions shown in
Figures 3 and 4. Across different regions the percentage
of overlap varied between 60% and 80%, i.e., in any
region, at least 60% of the voxels that were significant
in the least active condition were also significant in the
other condition. These values underestimate the degree
of regional overlap because many common voxels were
found below the statistical threshold used to correct for
multiple comparisons.

Discussion

To test whether visuospatial attention and oculomotor
processes share common functional areas in the human
brain, fMRI and surface-based representations of the
brain were used to compare the functional anatomy of
two tasks in which people voluntarily shifted attention
to peripheral visual stimuli, either with or without concur-
rent saccadic eye movements. The main finding was
that a common network of functional regions in parietal,
frontal, and temporal cortex was activated by the two
tasks. The anatomical overlap was demonstrated at the
level of group and single subject images, and by pro-
jecting the functional data on flat maps of the cortical
mantle in two subjects. We first discuss the anatomical
localization of these functional regions and putative ho-
mologies with areas of the macaque brain. Then, we
consider possible explanations for the functional ana-
tomical overlap of attention and eye movements.

Anatomical Localization of Functional Regions for
Attention and Eye Movements, and Putative
Homologies with Monkey Brain

The cortical network active during shifting attention and
eye movement tasks (as compared to fixation) included
the superior temporal sulcus/gyrus (STS), the IPS/TOS,
anterior and posterior sectors of the IPS, a large swath
of tissue along the PrCeS, and a region on the MeFG.
This functional anatomy closely matches earlier PET

findings on a version of the shifting attention task that
required stimulus detection by key press (Corbetta et
al., 1993, 1997) and other experiments on covert visual
orienting (Corbetta et al., 1995; Vandenberghe et al.,
1996, 1997; Nobre et al., 1997). The current fMRI data
improve the anatomical localization of these functional
responses in relationship to the underlying sulcal and
gyral anatomy. For instance, activity in parietal cortex
was clearly localized along the intraparietal sulcus (ante-
rior and posterior sectors), which divides the inferior
from the superior parietal lobule and extends ventrally
into the transverse occipital sulcus, in contrast to the
early localization in the superior parietal lobule (Corbetta
et al., 1993). Activity in superior frontal cortex was local-
ized to the precentral sulcus (posterior bank), as com-
pared to the early localization to the superior frontal
cortex. Finally, activity in temporal cortex was localized
to the anterior bank of the superior temporal sulcus and
on the superior temporal gyrus, as compared with an
early localization to the superior temporal/inferior pari-
etal cortex. These new localizations agree well with pre-
vious localizations in which PET data were coregistered
with individual anatomical MRI (Nobre et al., 1997) and
agree well with the anatomy of visual neglect (Vallar and
Perani, 1987).

The cortical network recruited during covert visual
orienting largely overlapped with regions active in the
eye movement task, which involved both attentional and
saccadic shifts to peripheral stimuli. These functional
regions were also similar to those localized by many
imaging studies of visual saccades (Fox et al., 1985;
Paus et al., 1993, 1995; Petit et al., 1993, 1996, 1997;
Anderson et al., 1994; Lang et al., 1994; Darby et al.,
1996; Muri et al., 1996; Sweeney et al., 1996; Bodis-
Wollner et al., 1997; Law et al., 1997; Luna et al., 1998).
Therefore, it appears that any difference between atten-
tion and eye movement responses across groups of
subjects, as in the meta-analysis by Corbetta (1998), is
most easily related to anatomical variability or variability
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Table 2. Degree of Anatomical Overlap in Individual Subjects between Shifting Attention and Eye Movement Tasks

Subject Condition MeFG R PrCS/SFS R IPS R IPS/TOS R STS
Number of significant voxels
S1 Attention 27 51 41 63 13
Eye 38 47 29 39 18
AND 20 39 26 35 8
% Overlap 74 83 90 90 62
S2 3 8 15 9
7 13 11 16
0 3 9 2
0 38 82 22
S3 48 125 108 15 12
44 82 90 9 9
27 66 56 6 8
61 80 62 67 89
S4 0 29 10 6
17 29 20 8
0 19 10 6
0 66 100 100
S5 28 42 14 7
18 16 22 0
15 15 4 0
83 94 29
Median % 61 80 82 82 67

Anatomical regions were chosen from the right hemisphere as in Figures 3 and 4. Abbreviations as in Figures 2, 3, and 4. S1, S2, etc. represent
subject 1, subject 2, etc.; attention, number of active voxels (after multiple comparison correction) during shifting attention task; eye, number
of active voxels during eye movement task; AND, number of active voxels during both eye movement and attention tasks.

in the standardization procedures used to analyze group
data.

The anatomical overlap between attention and eye
movement allows us to “label” more precisely these
functional regions and establish putative homologies
with areas in the macaque brain. For instance, the PrCeS
has been proposed by many studies to be the human
homolog of the FEF, based on its robust pattern of acti-
vation on a variety of oculomotor tasks and location on
the lateral surface of the frontal lobe (e.g., reviewed by
Paus, 1996). In ours and more recent experiments that
used fMRI and single subject analysis (e.g., Petit et al.,
1997; Luna et al., 1998), the precentral region includes
a large swath of tissue along the ventrodorsal extent of
the precentral sulcus, up to the intersection with the
superior frontal sulcus. Given its considerable spatial
extent, when compared to the relatively small size of
FEF in macaque, the precentral region probably does
not contain a single functional field. As shown in Table
1, separate peaks of activation were found in the precen-
tral sulcus. The vector distance between the superior
frontal sulcus (PrCes/SFS) and dorsal precentral (PrCeS
dors) peak was 19 mm, and between the dorsal (PrCeS
dors) and ventral (PrCeS ventr) peak was 18 mm (see
Table 1). These distances between functional fields typi-
cally underlie separate areas (Hunton et al., 1996). This
impression is reinforced by inspecting the flat map (see
inset of Figure 3) in which multiple separate clusters of
activity were present along the precentral sulcus.

Activity along the MeFG may correspond to the SEF
given its pattern of activation during oculomotor tasks
(e.g., Luna et al., 1998) and relative proximity with the
homologous area in monkey (Schlag and Schlag-Rey,
1987; Shook et al., 1990). Putative homologies in parietal
cortex are more ambiguous. In single subjects (e.g., see

flat maps in Figures 3 and 4), three separate functional
regions, respectively in the anterior (IPSa) and posterior
(IPSp) intraparietal sulcus, and at the IPS/TOS, can be
consistently identified. Given the colocalization of atten-
tional and oculomotor signals, and its strong anatomical
connections with the FEF (that appears to be also active
in this experiment) (Selemon and Goldman-Rakic, 1988;
Andersen et al., 1990a; Colby et al., 1996), one or more
of these functional fields might correspond to areas LIP
and 7a in macaque. Finally, the response in the superior
temporal sulcus/gyrus (STS) may correspond to the su-
perior temporal polysensory area (STP) in macaque
(Bruce et al., 1981; Hikosaka et al., 1988; Scalaidhe et
al., 1997), based on its position and responsiveness
during attention (see also Nobre et al., 1997), eye move-
ments, and motion processing (Shulman et al., 1997,
Soc. Neurosci., abstract). However, a strong limitation
to the exercise of establishing homologies with monkey
areas is that functional areas in humans can be defined
only on the basis of their pattern of activation, whereas
multiple and different criteria (myelo- and cytoarchitec-
tonics, connectivity, microstimulation, physiological re-
sponses, effects of lesion or inactivation) can be used
in macaque. Future studies will need to test these func-
tional fields with a wider range of stimulation paradigms,
similarly to what has been done for human MT (Tootell
et al., 1995).

Functional Anatomical Overlap for Visuospatial
Attention and Eye Movements

In order to explain the anatomical overlap between at-
tention and eye movements, it is helpful to consider
first what types of neuronal signals might drive cortical
regions during the eye movement task and then to con-
sider which of these signals might be active during the
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shifting attention task. The following discussion concen-
trates on findings from single unit and imaging experi-
ments.

Eye Movement Task

Single unit studies in macaque have shown that regions
putatively active in this experiment, i.e., posterior pari-
etal cortex, FEF, SEF, etc. contain several different types
of signals. Neurons fire at the onset of a visual stimulus,
and/or prior or during the execution of a saccadic eye
movement (presaccadic/saccadic/postsaccadic activ-
ity) (Bizzi, 1968; Mountcastle et al., 1975; Robinson et
al., 1978; Bruce and Goldberg, 1985; Andersen et al.,
1987; Schlag and Schlag-Rey, 1987; Andersen, 1989).
Moreover, visual responses for relevant stimuli, i.e.,
when they are the target of an eye movement, are often
enhanced as compared to when the same stimuli are
irrelevant, i.e., presented at task-irrelevant locations
(spatially selective visual enhancement) (Wurtz and
Goldberg, 1972; Wurtz and Mohler, 1976a; Goldberg
and Bushnell, 1981). Finally, some neurons fire during
fixation of a visual stimulus (Bizzi, 1968; Suzuki and
Azanuma, 1977; Motter and Mountcastle, 1981; Bruce
and Goldberg, 1985; Bon and Lucchetti, 1992; Schlag
et al., 1992).

Blood oxygenation level-dependent (BOLD) fMRI re-
sponses during the eye movement task (as compared
to fixation) likely reflected different neuronal signals,
including visual, visual enhancement, and oculomotor
(both preparatory and execution) signals. Fixation neu-
rons were probably similarly active during the eye move-
ment and fixation control tasks, as both required exten-
sive periods of visual fixation. Visual neurons were
probably driven by the presentation of the foveal stimuli,
and their response was possibly enhanced by their be-
havioral significance. Finally, oculomotor neurons were
active during periods in which saccades were prepared
and executed. Although fMRI cannot distinguish be-
tween presaccadic and postsaccadic activity, all re-
gions localized in this and other eye movement studies
(putative FEF, SEF, LIP, etc.) contain in the monkey a
combination of both signals with an apparent predomi-
nance of presaccadic activity in FEF, SEF, and LIP
(Bruce and Goldberg, 1985; Schlag and Schlag-Rey,
1987; Boch and Goldberg, 1989; Andersen et al., 1990b).
Interestingly, imaging studies of eye movements have
not revealed consistent activations in the general region
of the posterior cingulate where exclusively postsac-
cadic activity has been most commonly recorded in
monkey (Olson et al., 1993).

Attention Task

BOLD fMRI responses during the attention task, and
their striking similarities to those obtained during the eye
movement task, may reflect the artifactual occurrence of
saccadic eye movements during attention or a genuine
overlap in the pattern of functional activation. Hereafter,
we will first discuss the possibility of artifactual eye
movements, then consider causes of functional overlap.

Eye Movements during Attention. It is very unlikely
that eye movements occurred during the shifting atten-
tion task. All subjects showed reliable fixation within the
resolution of the EOG just prior to the imaging session,
and none reported any difficulty in holding fixation in
the MR environment. The visual probe stimuli were su-
prathreshold, and the attention task did not require high

visual acuity. This task has been extensively investi-
gated in our laboratory over many years (Corbetta et al.,
1993, 1995), and it is our experience that no lateralized
eye movements occur within the resolution of measure-
ment when subjects shift attention to peripheral stimuli
under these conditions. Finally, the pattern of activations
in many regions was consistent with the hypothesis that
subjects moved their eyes only in the eye movement
task. In the eye movement task, subjects moved the
eyes sequentially along a prespecified sequence of loca-
tions (1° 3°, 5° 7° 10° 1° etc.) in the left visual field
and detected visual probes at the fovea after each sac-
cade. The medial cerebellum, typically recruited by eye
movements, was uniquely active in the eye movement
task. Visual cortex (calcarine sulcus, lingual and fusiform
gyri) was also more strongly active during eye move-
ments, a logical consequence of the foveal position of
the probes. In general, all activations were more bilateral
during eye movements, and more contralateral during
shifts of attention. This can be explained in the eye
movement task by the foveal position of the stimuli, and
the execution of bidirectional saccades in left visual
field, i.e., foveofugally (1° > 3° > 5° > 7° > 10°) on four
out of five of the trials and foveocentrically (10° > 1°)
on one out of five of the trials, which in turn should
drive both hemispeheres. In the attention task, the visual
probes/attended locations were strictly contralateral;
the presence of stronger contralateral activations irre-
spective of direction of shifts replicate earlier findings
(Corbetta et al., 1993).

Causes of Functional Overlap. The functional anatomi-
cal overlap between attention and eye movements indi-
cates that the same areas are active when people co-
vertly attend to peripheral visual stimuli or actually
perform directed saccadic eye movements to the same
stimuli. Therefore, the possibility that separate regions
mediate visuospatial attention and visual saccadic eye
movement can be ruled out. The functional anatomical
overlap is consistent with the hypothesis that attentional
and oculomotor processes involve the same neural
mechanisms (Rizzolatti et al., 1987), but the imaging
data do not directly demonstrate this identity. Since
separate populations of neurons can be driven by differ-
ent signals within the same cortical region, visuospatial
attention and saccadic eye movement processes may
be using entirely different neuronal (or computational)
mechanisms within the same anatomical area.

Hemodynamic responses in the attention task may
have reflected a variety of neuronal signals that also
occurred in the eye movement task. We argue that visual
fixation (and associated saccadic suppression signals)
and visual sensory signals cannot explain the observed
functional overlap. Rather, the overlap reflects both at-
tentional modulations of the visual response and prepa-
ratory oculomotor activity associated with covert shifts
of attention.

Fixation and Saccadic Suppression Signals. Periods
of active fixation occurred in all three tasks, i.e., through-
out the duration of a scan for fixation control and shifting
attention tasks, and in between saccades during the
eye movement task. However, it is possible that the
attention task might have required a more intense fixa-
tion signal to suppress unwanted eye movements. Fixa-
tion signals have been recorded by several groups from
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regions similar to the one identified in the present experi-
ment. For instance, Petit and collegues recorded activity
in the precentral region (FEF), medial frontal gyrus (SEF),
and cingulate cortex during active fixation in the dark
(as compared to rest) (Petit et al., 1995). Law et al. (1997)
recorded activity in FEF, SEF, and posterior parietal
cortex during visual fixation in the presence of peripheral
distractors (as compared to fixation alone), and interpre-
ted this activity as “inhibitory” to prevent reflexive sac-
cades to the peripheral stimuli.

However, hemodynamic changes in the shifting atten-
tion task cannot exclusively be related to fixation sig-
nals, since the hemodynamic changes produced by vi-
sual fixation are weaker when compared with those
produced by visual orienting and/or saccadic prepara-
tion/execution. For example, Corbetta and collegues
(Corbettaetal., 1993) presented subjects with peripheral
visual stimuli while they maintained central fixation un-
der three different conditions: (1) peripheral attention
(shifts of attention), (2) foveal attention, and (3) no active
task (passive). In the passive condition, attention was
presumably automatically drawn by the sudden appear-
ance of the peripheral stimuli (Yantis and Jonides, 1990).
The level of activation in FEF was higher when the pe-
ripheral stimuli were voluntarily attended (shifting atten-
tion) than when they were ignored (central detection) or
automatically attended (passive). Since all three tasks
required central fixation and suppression of reflexive
saccades, activity in parietal and frontal cortex is better
explained in terms of attentional orienting than fixation
or saccadic suppression. Law and coworkers (Law et
al., 1997) estimated blood flow in FEF and SEF during
various oculomotor tasks, including real and imagined
saccades to visual targets (conditions that also involve
saccadic and attentional shifts) and central fixation with-
out or with peripheral stimuli, which, similar to our pas-
sive task, may induce reflexive orienting. Blood flow in
both regions was highest when the stimuli were task
relevant (real and imagined saccades), intermediate dur-
ing reflexive orienting (fixation with distractors), and
least active during simple visual fixation. Again, this pro-
file demonstrate these regions are more active during
orienting and saccadic preparation/execution than fixa-
tion or saccadic suppression.

Visual Sensory Signals and Related Attentional Modu-
lations. The functional anatomical overlap between at-
tention and eye movement tasks might also reflect only
the effect of visual stimulation during attention and eye
movement tasks, i.e., it may be entirely unrelated to the
mechanisms involved in shifting attention and prepar-
ing/executing eye movements. Several single unit stud-
ies have shown that passive visual stimuli drive both
parietal (LIP, 7a) and frontal (FEF, SEF) regions (Bizzi,
1968; Mountcastle et al., 1975; Robinson et al., 1978;
Bruce and Goldberg, 1985; Andersen et al., 1987; Schlag
and Schlag-Rey, 1987; Andersen, 1989). However, we
have previously shown that responses in parietal cortex
and FEF during shifts of attention to peripheral stimuli
can be found after controlling for sensory activity (Cor-
bettaetal., 1993, 1997). For example, we (Corbetta et al.,
1993) presented peripheral visual stimuli while enforcing
central fixation (and monitoring eye movements with
EOG) under conditions in which (1) attention was di-
rected to the periphery (shifting attention) or (2) attention

was directed to the fovea. Activity in both posterior
parietal and FEF was greater during peripheral than fo-
veal attention, even though the stimulus was constant.
Similar results showing effects of peripheral attention on
parietal and frontal regions, after controlling for sensory
activity, have been reported by Vandenberghe and col-
leagues (Vandenberghe et al., 1996, 1997). These data
indicate that attentional signals contributed to the activ-
ity recorded in parietal and FEF regions during the shift-
ing attention task of the current experiment.

The presence of visual attentional modulations in pos-
terior parietal cortex is entirely consistent with a large
body of physiological results (Robinson et al., 1978;
Bushnell et al., 1981; Steinmetz et al., 1994; Colby et
al.,, 1995; Robinson and Kertzman, 1995). In contrast,
the presence of modulations in the human FEF during
covert attention differs from early single unit experi-
ments, which showed enhancement of visual responses
in FEF only in relationship to the execution of saccadic
eye movements (Wurtz and Mohler, 1976a; Goldberg
and Bushnell, 1981). However, recent single unit experi-
ments have reported selective modulations of the visual
response in both FEF (Kodaka et al., 1997) and SEF (Bon
and Lucchetti, 1997) during peripheral attention tasks
that do not require a saccadic response. Kodaka et
al. (1997) noted that while attention was directed to
peripheral locations throughout a block of trials in their
study (and in ours as well), it was divided between a
peripheral and a central location in the earlier studies.

Oculomotor Signals. Finally, covert shifts of attention
may require saccadic preparation and hence drive ocu-
lomotor neurons. In our experiment, the predictive spa-
tial sequence of probe positions enabled subjects to
shift attention in anticipation of the probe stimulus. The
neuronal signal implementing a shift of attention (control
signal) therefore preceded the sensory event (the probe
stimulus). It has been proposed that shifting attention
to a peripheral location corresponds to the intention to
make an eye movement toward it (Rizzolatti et al., 1987).
Accordingly, single unit experiments show that attended
locations can be coded in parietal cortex in terms of
directional motor activity (Andersen, 1995; Snyder et al.,
1997). A similar mechanism seems to be operative in
the superior colliculus, in which voluntary and reflexive
covert shifts of attention amplify the saccadic movement
vector induced by the micro-electrical stimulation of
neurons in the deep layer (Kustov and Robinson, 1996).
Hence, in parietal cortex and superior colliculus, there
is some evidence that covert shifts of attention could be
related to the intention of preparing an eye movement.

Voluntary covert shifts of attention and overt saccadic
movements are closely intergrated in everyday life and
require the coordination of visual, visuomotor, and at-
tentional signals. Our experiment demonstrates that
these processes recruit a common set of functional ar-
eas in frontal, parietal, and temporal cortex. These im-
aging data are in line with psychological findings that
support a functional relationship between attention and
eye movement processes (Shepherd et al., 1986; Rizzo-
latti et al., 1987; Chelazzi et al., 1995; Hoffman and Su-
bramaniam, 1995; Kowler et al., 1995). They are also
consistent with single unit data in macaque showing
that both saccadic and attentional signals can be re-
corded from many cortical areas (e.g., LIP, 7a, SEF, FEF)
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(Bushnell et al., 1981; Petersen et al., 1987; Robinson
et al., 1995; Colby et al., 1996; Bon and Lucchetti, 1997;
Kodaka et al., 1997) and even from the same neurons
within an area (Colby et al., 1996). Finally, our imaging
data are consistent with lesion analysis demonstrating
that damage of similar cortical regions in humans and
monkey produces both attentional and oculomotor defi-
cits (Mesulam, 1981; DeRenzi, 1982; Posner et al., 1984;
Pierrot-Deseilligny et al., 1995).

It is important to note that anatomical integration be-
tween attention and eye movement systems holds only
for the set of conditions used in this experiment (volun-
tary visual shifts of attention and eye movements) and
may or may not generalize to other behavioral conditions
such as reflexive visual orienting, orienting to auditory
stimuli, or orienting in the dark. Moreover, one should
be cautious to emphasize the link between oculomotion
and spatially selective attention. It may turn out that,
although the functional relationship between these two
processes enjoys a privileged status, similar functional
relationships and sharing of neuronal machinery may
exist between spatial attention and any other system for
the programming and execution of sensory controlled
motor responses, such as reaching, grasping, and navi-
gation (Snyder et al., 1997). Furthermore, some of the
same regions may be involved in attentional control
functions that extend beyond the computation of spatial
locations (Shulman et al., 1997, Soc. Neurosci., abstract;
Buchel et al., 1998; Le et al., 1998; Lumer et al., 1998).

Conclusions

A largely overlapping network of cortical regions includ-
ing putative FEF, SEF, and several parietal and temporal
regions was recruited during voluntary covert shifts of
attention and overt saccadic (and attentional) move-
ments. These functional anatomical data indicate that
attention and eye movement processes are not only
functionally related, as originally suggested by psycho-
logical studies, but also share functional anatomical ar-
eas in the human brain.

Experimental Procedures

Subjects

Six subjects (three females, three males) between the ages of 18
and 37 were recruited from the local Washington University commu-
nity. All subjects were strongly right handed as measured by the
Edinburgh handedness inventory (Raczkowski et al., 1974), were
without any significant abnormal neurological history, and were nor-
mal or corrected-to-normal in visual acuity. Subjects were paid $25
for each hour of their participation and gave informed consent in
accordance with guidelines set by the Human Studies Committee
of Washington University. One subject did not complete the imaging
session, and her data were therefore disregarded.

Display

Subjects viewed a display (white stimuli on black background) in
which multiple locations along the horizontal meridian (1°, 3°, 5°, 7°,
and 10° of visual angle in each visual field) were marked by box
outlines (1° X 1° size). The probe stimulus was an asterisk displayed
for 150 ms in different boxes of the left visual field, with a variable
interstimulus interval (range, 1000-2000 ms; mean, 1500 ms). The
sequence of stimulated locations was predictive according to the
sequence 1°, 3° 5° 7°, 10° 1°, etc. Three tasks were performed as
earlier described: (1) shifting attention, (2) eye movement, and (3)
fixation.

Functional Imaging, Experimental Design, and Data Analysis
Stimuli were generated by an Apple Power Macintosh computer
and projected to subjects with a Sharp LCD projector (model
XGEB850) onto a screen positioned at the head end of the bore.
Subjects viewed the screen through a mirror mounted on the head-
coil. Imaging was performed on a Siemens 1.5 Tesla Vision System
(Erlangen, Germany). Structural images were acquired using iso-
tropic high resolution sagittal MP-RAGE images, optimized for con-
trast-to-noise ratio and resolution (Epstein et al., 1994) (repetition
time TR = 9.7 ms, echo time TE = 4 ms, flip angle a = 12°, inversion
time Tl = 300 ms, voxel size = 1 X 1 X 1 mm). These images were
also used for the surface reconstruction (see below). Functional
images were collected in runs using an asymmetric spin-echo echo-
planar sequence sensitive to blood oxygenation level-dependent
(BOLD) contrast (T2*) (TR = 2360 ms, T2* evolution time = 50 ms,
a = 90°). During each functional run, 120 sets of 16 contiguous, 8
mm thick axial images were acquired (3.75 X 3.75 mm in-plane
resolution), allowing complete brain coverage at a high signal-to-
noise ratio (Conturo etal., 1996, Soc. Neurosci., abstract). Functional
images were acquired parallel to the AC-PC plane in each subject
after prescribing slice position based on automatic measurements
of rotation, translation, and tilt of the initial images to an averaged
(n = 12) MP-RAGE anatomical image (target) representative of the
atlas of Talairach and Tournoux (1988).

The fMRI design was “blocked” with various conditions alternating
every 425 s, and each scan lasted 4 min and 43 s. Their order was
counterbalanced within and across subjects. The beginning of each
task period during a scan was signaled by a visual cue respectively
either by a 750 ms change in the color of a random peripheral box
(red for attention, green for eye movement), indicating the location
of the first probe stimulus in a series, or by a change in the luminance
of the central fixation box (fixation). Fifteen runs of functional data
(five per comparison) were acquired in a 2.5 hr session.

Functional data were realigned within and across runs allowing
unrestricted head motion, normalized for global fluctuation in inten-
sity, and coregistered with the anatomical data (Friston et al., 1994;
Snyder, 1995). Atlas registration was accomplished by a 12 parame-
ter linear (affine) transformation of the T1-weighted MP-RAGE image
(source) to match an averaged (n = 12) MP-RAGE anatomical image
(target) representative of the atlas of Talairach and Tournoux (1988).
Time series obtained in different scans during pairs of experimental
task conditions (e.g., eye movement versus fixation) were averaged
in each subject. The Wilcoxon paired rank sum test was applied in
each subject to the averaged time series to create z maps of different
paired comparisons (e.g., saccade versus fixation). For group analy-
sis, individual z maps were summed and divided by the square root
of n in atlas space and then corrected for multiple comparisons
based on voxel intensity and cluster size (Ollinger, 1997). This cor-
rection rejects single voxel regions and ensures that p < 0.001,
where p is the probability of a single erroneous activation in the
image volume. For individual analysis, z maps were standardized
to atlas space and corrected for multiple comparisons. For compari-
son, Bonferroni correction across the whole volume was also calcu-
lated and corresponded to a z value of 4.8. An automated peak-
search algorithm (Mintun et al., 1989) identified the location of peak
activations based on z value and cluster size.

The analysis of anatomical overlap in individual subjects for func-
tional regions active during attention and eye movement tasks in-
volved: (1) counting the number of significant voxels, i.e., after multi-
ple comparison correction, in each region in the shifting attention
and eye movement conditions; (2) counting the number of significant
voxelsin each regioninan “AND” (attention + eye movement)image,
where voxels were displayed if they were significant and common
in both attention and eye movement tasks; and (3) computing a ratio
of overlap in each region according to the formula “number of voxels
in AND image divided by number of voxels in the least active condi-
tion.” Each region was defined based on its relationship with specific
anatomical landmarks (e.g., precentral sulcus or intraparietal sulcus)
that were easily visualized in each subject. All significant voxels
within a region were used for the analysis.

Surface Reconstruction
Surface reconstructions were computed from the MP-RAGE struc-
tural images. In one hemisphere (Figure 3A), contours were drawn
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manually in NIH image and were reconstructed to form a wire-frame
tessellation using Nuages software (Geiger, 1993). In the other hemi-
sphere (Figure 3B), a semiautomatic segmentation algorithm was
used to reconstruct the cortical surface (Teo et al., 1997). Images
were manually edited to ensure correct topology of sulcal and gyral
anatomy. Using software developed for the reconstruction and flat-
tening of cortical surfaces (Drury et al., 1996), flat maps were com-
puted for two subjects. The activation volume was resampled from
3.75 X 3.75 X 8 mm voxels to 1 mm?® voxels to yield an interpolated
map of z statistics. Functional activity above a statistical threshold
of z> 5.0 was coregistered and projected onto the flattened anatom-
ical representations to localize regions of activation in the various
conditions.
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