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The panoramic scenes of the world contain more information
than we can take in with a single glance. To examine the fine
details of a visual scene, we must rely on the brain’s capability to
focus attention in a spatially selective manner and thereby facil-
itate the perception of stimuli within a restricted zone of the visu-
al field1,2. This covert focusing of attention has been likened
metaphorically to a ‘spotlight’3 or ‘zoom lens’4 that can be shift-
ed to relevant locations even when the eyes remain stationary.
Psychophysical experiments have shown that stimuli falling with-
in the spotlight of attention are detected and discriminated more
rapidly and accurately than stimuli at unattended locations1–4.

The brain system that controls the attentional spotlight con-
sists of an interconnected network of cortical and subcortical
structures that modulates incoming information in the visual
pathways5–7. A fundamental question that remains unresolved,
however, is exactly where along the visual processing pathway
this afferent neural activity is first modulated (either enhanced
or suppressed) by spatial attention. The preponderance of evi-
dence to date from single-neuron recordings in monkeys8,9 and
from electrophysiological10,11, blood-flow neuroimaging12–16 and
optical imaging17 studies in humans indicates that neural
responses to attended-location stimuli are enhanced in higher
extrastriate cortical areas but not in the striate cortex itself.

Recent single-neuron experiments in monkeys18–20 and pre-
liminary reports of fMRI studies in humans (M. Worden & W.
Schneider, Soc. Neurosci. Abstr. 22, 729.7, 1996; S.P. Gandhi et al.,
ARVO Meeting Abstr., 1998) have raised the possibility that spa-
tial-selective attention may influence striate cortex activity dur-
ing tasks that involve difficult visual discriminations. In addition,
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We investigated the cortical mechanisms of visual-spatial attention while subjects discriminated pat-
terned targets within distractor arrays. Functional magnetic resonance imaging (fMRI) was used to
map the boundaries of retinotopic visual areas and to localize attention-related changes in neural
activity within several of those areas, including primary visual (striate) cortex. Event-related
potentials (ERPs) and modeling of their neural sources, however, indicated that the initial sensory
input to striate cortex at 50–55 milliseconds after the stimulus was not modulated by attention. The
earliest facilitation of attended signals was observed in extrastriate visual areas, at 70–75
milliseconds. We hypothesize that the striate cortex modulation found with fMRI may represent a
delayed, re-entrant feedback from higher visual areas or a sustained biasing of striate cortical
neurons during attention. ERP recordings provide critical temporal information for analyzing the
functional neuroanatomy of visual attention.

several neuroimaging studies have reported activation in or near
striate cortex during discrimination tasks in nonselective (that
is, active versus passive) designs21–24. In the present study, neur-
al activity associated with spatially focused attention was localized
to both striate and extrastriate visual areas that were positively
identified by retinotopic mapping techniques25. ERPs recorded
in the same task provided critical information about the time
course of stimulus-selection processes in these cortical areas.

The spatial attention task used here required subjects to dis-
criminate lateralized target stimuli surrounded by distractors in
a ‘cluttered’ visual field. The stimuli were 3 × 3 arrays of crosses
superimposed on a background checkerboard pattern (Fig. 1a)
that were flashed with equal probability to either the right or left
visual field in a random sequence at an average rate of two arrays
per second. The central element of most (86%) of the arrays was
an upright ‘T’, which was inverted in infrequent (14%) target
arrays. The subject’s task was to maintain fixation on a central
arrow and to attend to the sequence of arrays in the visual field
indicated by the arrow’s direction. Detections of target arrays in
the attended field were reported by a button press. Stimuli in the
opposite field were to be ignored. The direction of the arrow, and
thus the subject’s direction of attention, alternated every 20 sec-
onds between the left and right visual field during experimental
runs lasting three minutes.

Blood oxygen level-dependent (BOLD)-weighted fMRI
images were acquired during task performance from ten con-
tiguous slices extending anteriorly from the occipital pole. Atten-
tion effects over the entire group were obtained by transforming
each individual’s image set into standard Talairach coordinates26
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and averaging the time series of the BOLD signal for each co-reg-
istered pixel. Functional maps of brain activity related to the
direction of attention were generated by cross-correlating each
pixel of this group-averaged time series with a model reflecting
the alternating block design of the experiment27.

RESULTS
Subjects correctly detected an average of 81 ± 7% of the targets in
the attended visual field. Significant increases in the BOLD signal
(reflecting increases in regional cerebral blood flow, rCBF, and
hence in neural activity28) were observed in several posterior cor-
tical areas in the hemisphere contralateral to the attended visual
field (Fig. 1b). These included the region of the calcarine fissure
(which contains the striate cortex), the lingual, middle occipital
and fusiform gyri, and the posterior parietal cortex. To identify
the specific visual areas in which these rCBF changes occurred,
the cortical surface of each subject was reconstructed and unfold-
ed, and retinotopic areas were mapped onto the flattened sur-
face25. Attention-related activations for individual subjects were

then projected onto their retinotopic maps (Fig. 2).
In all subjects, the boundaries of the retinotopic visual areas

V1, V2, V3, VP, V3A and V4v could be clearly identified (Fig. 2).
Attention-related increases in rCBF in the hemisphere con-
tralateral to the attended visual field were observed in all subjects
in area V1 and in most subjects in areas V2, V3, VP and V4v
(Table 1). These activations were found at parafoveal retinotopic
locations in both dorsal and ventral cortical areas, correspond-
ing to the stimulus position in the visual field. In addition, most
subjects had significant activation in weakly retinotopic areas of
the middle occipital gyrus anterior to V3A and in the posterior
fusiform gyrus anterior to V4v, as well as in non-retinotopic pos-
terior parietal cortex (Fig. 2).

To obtain converging evidence about the time course of this
attention-related neural activity, in separate sessions we record-
ed ERPs time-locked to the attended and unattended stimulus
arrays under identical task conditions. For both right and left
visual field stimuli, the attended arrays elicited enlarged positive
P1 (onset at 70–75 ms) and negative N1 (onset at 130–140 ms)

Fig. 1. Experimental design and attention–related activations. 
(a) Experimental stimuli and design. Superimposed on the experimental block
design are fMRI signal changes associated with attention. Each tracing represents
the averaged time course from five significantly activated pixels in striate cortex
of the right (RH) and left (LH) hemisphere. (b) Attention-related activations in a
representative subject superimposed on corresponding anatomical images. The
locations of the four selected coronal slices are given in Talairach26 coordinates
(y-values). The left hemisphere appears on the left in all images. Intensity of col-
ored regions reflects percentage signal change (difference between signal during attend-right and attend-left divided by the total signal) of significantly
activated areas. Pixels with a time course of activation positively correlated with the task design (that is, showing greater activation during attention
to the left visual field) are shown in the red-to-yellow scale. Those with a time course negatively correlated with the design (that is, showing greater
activation during attention to the right visual field) are displayed in the dark-to-light blue scale. Only pixels correlating at r > ± 0.5 (p < 0.02, cor-
rected) are shown. Spatial attention produced contralateral activation foci in the calcarine fissure (calc.), lingual gyrus (ling.), posterior fusiform gyrus
(fusi.), middle occipital gyrus (mid. occ.) and posterior parietal lobe (par.).

a b

Table 1. Cortical regions activated by attention

Ventral V1 V2 VP V4v fusi. 
RH 7, –88, 0 (6) 7, –78, –3 (5) 9, –74, –8 (5) 19, –70, –11 (4) 33, –61, –13 (4)

[150 ± 18] [156 ± 10] [167 ± 10] [167 ± 18] [192 ± 18]

LH –9, –90, –5 (4) –12, –79, –8 (6) –16, –75, –7 (6) –26, –76, –11 (5) –31, –60, –11 (6)
[180 ± 20] [150 ± 18] [156 ± 11] [188 ± 16] [211 ± 12]

Dorsal V1 V2 V3 V3A mid. occ. post. par.
RH 7, –89, 1 (6) 7, –84, 5 (3) 21, –88, 13 (5) 24, –81, 19 (2) 27, –75, 13 (4) 28, –49, 57 (3)

[193 ± 15] [141 ± 16] [138 ± 8] [125 ± 7] [219 ± 13] [162 ± 11] 

LH –8, –91, 0 (6) –10, –85, 0 (5) –22, –85, 14 (5) - - - (0) –29, –75, 19 (5) –29, –55, 50 (3)
[162 ± 20] [151 ± 10] [141 ± 9] [219 ± 11] [150 ± 10]

Mean Talairach coordinates of fMRI activation clusters within each visual area in ventral (top) and dorsal (bottom) cortical divisions. Coordinates for clusters
in the right (RH) and left (LH) hemispheres are given separately. The total number of subjects (of six) showing significant (p < 0.02, corrected) activation in
each area is given in parentheses. The total brain volume activated within each area (in cubic mm) is shown in brackets ± the standard error of the mean.
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components over contralateral occipital scalp areas (Fig. 3a), as in
previous studies10,11,29. In contrast, spatial attention did not affect
the amplitude of the earlier C1 component (onset at 50–55 ms).
Repeated measures ANOVAs showed significant amplitude
increases with attention for both early (72–104 ms) and late
(104–136 ms) phases of the P1 (F1,18 = 8.9, p < 0.01 and
F1,18 = 39.4, p < 0.001, respectively) and for the N1 (F1,18 = 15.0,
p < 0.002), particularly over the contralateral scalp. The C1 was
not significantly modulated by attention (F1,18 = 3.6, n.s.).

We compared the surface voltage topographies of the midline
parieto-occipital C1 and the contralateral occipital P1 attention
effects (attended minus unattended differences in early and late
time windows; Fig. 3b). From these grand-average topographical
data, the neural sources of the C1 and of the P1 attention effect
were estimated by dipole modeling using the Brain Electrical
Source Analysis (BESA) algorithm30. As in previous
reports10,29,31, a single dipole in each hemisphere within the cal-
carine fissure in or near the primary visual cortex accounted for
the C1 component’s voltage topography over the time interval of
50–80 ms (Fig. 4). Anatomical localization of dipolar sources was
achieved by projecting the BESA dipole coordinates of the group-
average model (Fig 4a) onto the MRIs of seven individuals fol-
lowing co-registration of the BESA sphere with the MRI images
(Fig. 4b). Dipole positions were converted into Talairach coor-
dinates and averaged across all subjects (Fig. 4c; see ref. 29 for
details).The Talairach coordinates for the left hemisphere C1
dipole were –9, –85, 5 and for the right hemisphere dipole were
10, –85, 5, both within the calcarine fissure. In contrast, the P1
attention effect required two pairs of dipoles for accurate mod-
eling of its early and late phases (Fig. 4); the first dipole pair in
dorsal extrastriate cortex of the middle occipital gyrus (left hemi-
sphere, –32, –90, 9; right hemisphere, 33, –90, 10) accounted for
the P1 over the time interval 72–96 ms, and the second pair in
the ventral fusiform area (left hemisphere, –36, –56, –11; right
hemisphere, 37, –56, –11) accounted for the time interval
104–136 ms.

DISCUSSION
The fMRI data reported here provide direct evidence for the
involvement of specific, retinotopically mapped visual cortical
areas, including V1, V2, V3, VP and V4v, in spatial-selective
attention. Whereas previous neuroimaging studies have shown
activation of extrastriate visual areas in attention to location12–16,
the present finding of enhanced neural activity in retinotopical-
ly mapped striate cortex in a design that separates selective from
non-selective attention effects has not been reported previously.
This engagement of primary visual cortex may be attributed to
our use of a difficult discrimination task that requires narrow
focusing of the attentional spotlight in a cluttered visual field (M.
Worden & W. Schneider Soc. Neurosci. Abstr. 22, 729.7, 1996).

Our combined ERP and fMRI measurements have implica-
tions for the specific mechanisms by which attention to location
modulates visual information processing in these cortical areas.
Intriguingly, no attention-related changes were observed in the
amplitude of the short-latency C1 component that reportedly
represents the initial afferent response evoked in V1 by visual
stimuli29,31, despite the fMRI evidence that spatial attention was
associated with increased neural activity in area V1. Although
the neural generators of surface-recorded ERPs cannot be local-
ized with the same degree of certainty as can hemodynamic
changes using fMRI, the localization of the C1’s dipole to the cal-
carine fissure, as well as its short onset latency (50 ms) and its
retinotopic properties10,31, are strongly indicative of a source in

area V1. Accordingly, these ERP findings argue against the
hypothesis that spatial attention modulates the initial passage of
visual input from the lateral geniculate nucleus through area V1
(refs. 32, 33), even under these cluttered field conditions.

If the modulation of activity in V1 found with fMRI does not
represent a change in the initial geniculostriate input, what then
is the role of the striate cortex in spatial attention? One hypoth-
esis that draws support from both animal19,20 (A.D. Mehta et al.,
Soc. Neurosci. Abstr. 23, 121.1, 1997) and human34 studies is that
attentional modulation of striate activity occurs with a longer
latency than the initial evoked response in striate cortex, and rep-
resents a delayed or re-entrant feedback of enhanced visual signals

Fig. 2. Retinotopically mapped visual areas and co-localized attentional
activations. Retinotopic visual areas (top) and regions of increased neural
activity during spatial attention (bottom) mapped onto flattened cortical
representations of the left (LH) and right hemispheres (RH) for the same
subject shown in Fig. 1b. Sulcal cortex, dark gray; gyral cortex, light gray.
Retinotopic (blue and yellow) areas representing upper (+) and lower (–)
visual fields are located ventrally and dorsally, respectively. Uncolored
areas include retinotopic areas representing unstimulated parts of the
visual field (beyond six degrees of eccentricity) as well as non-retinotopic
visual areas. Attention-related activations (bottom) were determined by
cross-correlating pixel time courses with the task block design model;
positive correlations (red scale) indicate increased neural activity during
attend-left conditions and negative correlations (blue scale) increased
activity during attend-right. Only pixels correlating at r > 0.5 (p < 0.02,
corrected) are displayed. Dotted white lines on activation maps are
boundaries of visual areas traced from field sign maps (top).
Abbreviations of cortical regions are as in Fig. 1. The middle occipital
(mid. occ.) region included the superior and inferior divisions of the mid-
dle occipital gyrus and associated sulci (lateral occipital and lunate).
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back into V1 from higher extrastriate areas. Such a
delayed attention effect was not evident in the present
ERP recordings, but it could have escaped detection if the
striate cortex source were weak enough to be masked by
the stronger sources that were concurrently active in
extrastriate cortex. An alternative hypothesis would be
that the V1 activity observed during attention with fMRI
represents a top-down ‘bias’ signal that produces a sustained
increase in neural activity in V1 but does not modulate the initial
stimulus-evoked response (for example, refs. 8, 35). Further work
is needed to distinguish among these alternative mechanisms.

The ERP results indicate that the earliest facilitation of attend-
ed inputs occurs at a level beyond the striate cortex starting at
70–75 ms after the stimulus (after the onset of the P1 attention
effect). The calculated source of this early facilitation was near
the dorsal occipital foci of fMRI activation in area V3 and more
anterior regions of the middle occipital gyrus. Similar dorsal
sources for the P1 attention effect have been reported in studies
that presented stimuli to the lower14 but not upper29,36 visual
fields, suggesting that this early facilitation occurs in retinotopi-
cally organized extrastriate areas. In contrast, the source of the
later phase of the P1 effect (104–136 ms) was situated in ventral

occipital cortex in the region of area V4v and posterior fusiform
gyrus; this activity may be attributed to enhanced processing of
the visual target information in ventral areas specialized for pat-
tern and object recognition11,13,27,36. The activation foci observed
in parietal cortex most likely reflect the engagement of the atten-
tional control network that orchestrates the facilitation of attend-
ed inputs in extrastriate visual cortex1,6,7.

In sum, these experiments provide evidence that the primary
visual cortex is involved in spatial attention, but this area does
not serve as the locus of initial sensory gain control where attend-
ed visual inputs are first selectively enhanced. This essential func-
tion of ‘attentional amplification’5, which improves the
perceptibility of stimuli at attended locations, initially occurs in
retinotopically organized extrastriate visual areas. These amplified
signals are then routed to higher visual areas, including those of

Fig. 4. Dipole modeling of cortical sources of ERPs. (a) Dipole mod-
eling of intracranial sources of the C1 wave (left) and P1 attention
effects (right). The symmetrical pair of dipoles shown for the C1
accounted for 92% of the variance in its scalp voltage distribution in
the unattended grand average waveform over the interval 50–80 ms
after stimulus onset. Source waveforms at left of head show time
course of modeled activity for LH (1) and RH (2) dipoles. The two
pairs of dipoles fitting the early (72–104 ms) and late (104–136 ms)
phases of the P1 attention effects accounted for 94.8% of the variance of the scalp distribution of the grand average difference waves (attend minus
unattend) over the interval 72–136 ms. Source waveforms are shown for the four P1 dipoles in response to left visual field stimuli: (1) early phase,
right hemisphere, (2) early phase, left hemisphere, (3) late phase, right hemisphere, (4) late phase, left hemisphere. (b) Projections of calculated right-
hemisphere dipolar sources of the C1 wave (left) and P1 attention effects (right) onto corresponding sagittal brain sections of  an individual subject.
Early P1 dipole, square; late P1 dipole, circle. (c) Projections of calculated dipolar sources averaged across subjects and projected on corresponding
sections of the Talairach and Tournoux atlas26.

a C1 dipoles b

c

Fig. 3. Grand-averaged ERP waveforms and scalp topographies.
(a) ERP waveforms averaged over all subjects in response to
standard (non-target) stimuli in the left visual field. Equivalent
waveforms were elicited by right visual field stimuli. Recordings
shown are from electrodes at occipitotemporal (TO1/TO2),
temporal (T5/T6) and occipitoparietal (IPz) sites. Other sites
are indicated as dots on the head icon. (b) Spline-interpolated
voltage maps derived from the grand averaged waveforms
shown in (a). Color scales are in microvolts. Left map shows
voltage topography averaged over the time window 50–80 ms
for the unattended ERPs to left visual field stimuli. Distinctive
C1 and P1 distributions are evident. Center and right maps
show the distributions of the early and late P1 attention effects
as manifested in the difference waves formed by subtracting the
ERP to standard left visual field stimuli when unattended from
the ERP to the same stimuli when attended.

a

b

400 ms

–1.0 mV

P1 attention effect
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the occipitotemporal ventral stream, to gain preferential access
to limited-capacity stages of feature analysis and pattern recog-
nition. Bringing together the anatomical specificity of fMRI map-
ping and the time resolution of ERP recordings makes it possible
to characterize the functional roles of specific brain areas in cog-
nitive processes such as selective attention.

METHODS
fMRI procedures and data analysis. Six subjects (5 female, age range
23–41 years) gave written informed consent before participating in the
fMRI experiment. Subjects were selected on the basis of their ability to
maintain steady control of fixation as assessed by electro-oculographic
recordings in pilot sessions. During fMRI scanning, eye movement was
monitored continuously using an infrared-sensitive video camera sys-
tem with a sensitivity of ± 0.5 degrees of visual angle. Runs with
detectable eye movements were discarded and repeated.

The task stimuli were back-projected onto a screen at the foot of the
magnet bore. Subjects viewed the stimuli via a mirror attached to the
head coil. Each stimulus subtended 5.5 degrees of visual angle, and the
innermost edge appeared 1.7 degrees to the left or right of fixation. Stim-
uli were presented in randomized sequences to either the left or right
visual field with onset asynchronies varying between 400 and 600 ms.
Stimulus duration was 100 ms.

Anatomical and functional images were acquired with a 1.5-T Siemens
VISION MR scanner equipped with a 26 cm-diameter circularly polar-
ized head coil. BOLD-weighted images were acquired with an echo pla-
nar imaging sequence (TR = 2500 ms, TE = 64 ms, flip angle = 90
degrees) in the coronal plane (2.5 × 2.5 mm in-plane resolution). Sev-
enty-four repetitions on each of ten 5-mm slices were acquired during
each three-minute run; the first two repetitions were not used in data
analysis. For anatomical localization, high-resolution (1 × 1 × 1mm)
T1-weighted images were acquired using a three-dimensional magne-
tization-prepared rapid gradient echo sequence (TR = 11.4 ms, TE =
4.4 ms, flip angle = 10 degrees). Both anatomical and BOLD-weighted
images were transformed into the standardized coordinate system of
Talairach and Tournoux26.

Time-dependent echo planar images were post-processed with AFNI
software37. Following in-plane motion correction, the raw time-series
data from each of four runs collected from every subject were averaged
individually. Group data were obtained by averaging the time series over
all subjects. A series of phase-shifted trapezoids representing the peri-
odic alternation of conditions (attend-right, attend-left) in the block
design of the experiment were used as reference waveforms. Each trape-
zoid function was correlated on a pixel-by-pixel basis with the averaged
(individual or group) signal-strength time series by a least-squares fit to
generate a functional intensity map. Gram–Schmitt orthogonalization
was used to remove linear drift in the time series 27.

Significance levels of attention-related activations were determined by
using a region of interest (ROI) analysis based on data from four pilot
subjects. We identified anatomical regions of activation in these subjects
and defined a single, large-volume ROI (28 ml) within the occipital cor-
tex, which included the calcarine fissure, collateral sulcus, lingual gyrus
and middle occipital gyrus. A conservative statistical correction (Bon-
ferroni) based on the number of ROI voxels was applied for determin-
ing significance levels of attention-related activations in both individual
and group data. These activations were considered significant for pixels
correlating with the direction of attention at r > 0.5 (corrected p < 0.02).

Retinotopic mapping of visual areas. In a separate session, we obtained
BOLD-weighted images while subjects viewed a slowly rotating checker-
board wedge and a dilating checkerboard circle. The periodic activations
produced by these stimuli were used to calculate the borders of the retino-
topically organized visual areas based on whether they contain a mirror-
image, or non-mirror-image representation of the visual field (see ref.
25 for details).

ERP procedures and data analysis. ERPs were recorded during task per-
formance from a group of 19 subjects (13 female, age range 18–41 years)
including the 6 studied with fMRI. Recordings were made from 41 scalp

sites with an amplifier bandpass of 0.01–80 Hz. ERPs elicited by the same
task stimuli as in the fMRI experiment were averaged separately accord-
ing to field of stimulus and direction of attention, and grand-averaged
over all subjects. Trials with eye movements or other artifacts were reject-
ed off-line. ERP components were quantified as mean amplitudes in spe-
cific time windows relative to a 100-ms prestimulus baseline. Mean
amplitudes of C1 (50–80 ms), P1 in its early (72–104 ms) and late
(104–136 ms) phases, and N1 (150–180 ms) were analyzed by repeated-
measures ANOVAs with factors of attention (same stimulus when attend-
ed and unattended), visual field (left and right), electrode site (20 pairs
in each hemisphere) and hemisphere (left and right). Estimation of the
dipolar sources of early ERP components was done using the BESA algo-
rithm as described29,38. Modeling of the C1 component was done joint-
ly on the waveforms elicited by unattended left and right visual-field
standard stimuli (Fig. 3a). The interval between 50–80 ms was simulta-
neously with two dipoles, one in each hemisphere, that were constrained
to have mirror-symmetrical locations and orientations. The attentional
difference waves (attended minus unattended amplitudes) for left and
right visual-field stimuli were used to fit the P1 attention effect. The early
(72–104 ms) and late (104–136 ms) phases of the P1 were fited sequen-
tially, each with a pair of dipoles constrained to be mirror-symmetrical in
location but allowed to vary in orientation. Different dipole-fitting strate-
gies that included relaxing symmetry constraints and using different
starting locations yielded highly similar dipole configurations.
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