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Abstract: Cerebral blood flow PET scans and high-density event-related potentials (ERPs) were recorded
(separate sessions) while subjects viewed rapidly-presented, lower-visual-field, bilateral stimuli. Active
attention to a designated side of the stimuli (relative to passive-viewing conditions) resulted in an
enhanced ERP positivity (P1 effect) from 80–150 msec over occipital scalp areas contralateral to the
direction of attention. In PET scans, active attention vs. passive showed strong activation in the
contralateral dorsal occipital cortex, thus following the retinotopic organization of the early extrastriate
visual sensory areas, with some weaker activation in the contralateral fusiform. Dipole modeling seeded
by the dorsal occipital PET foci yielded an excellent fit for the P1 attention effect. In contrast, dipoles
constrained to the fusiform foci fit the P1 effect poorly, and, when the location constraints were released,
moved upward to the dorsal occipital locations during iterative dipole fitting. These results argue that the
early ERP P1 attention effects for lower-visual-field stimuli arise mainly from these dorsal occipital areas
and thus also follow the retinotopic organization of the visual sensory input pathways. These combined
PET/ERP data therefore provide strong evidence that sustained visual spatial attention results in a preset,
top-down biasing of the early sensory input channels in a retinotopically organized way. Hum. Brain
Mapping 5:280–286, 1997. r 1997Wiley-Liss,Inc.

Key words: positron emission tomography; event-related potentials; visual cortex; neuroimaging; visual
attention; dipole modeling; extrastriate cortex; cerebral blood flow; retinotopy; selective
attention

r r

INTRODUCTION

Functional brain imaging studies using positron
emission tomography (PET) and, more recently, func-
tional magnetic resonance imaging (fMRI) have indi-
cated specific areas of the brain as being involved in
visual attention [reviewed in Posner and Raichle,
1994]. Such hemodynamically-based imaging studies,
however, require integrating tracer activity over a

period of many seconds and thus provide no character-
ization of the timing of information processing in the
brain. Event-related potentials (ERPs), on the other
hand, reflect the rapidly changing electrical activity in
the brain evoked by a stimulus or cognitive event and
thus provide high temporal resolution images of neu-
ronal populations engaged in information processing
[reviewed in Hillyard and Picton, 1987; Hillyard et al.,
1995]. Specifying the neural sources of the various ERP
effects, however, has been difficult.

One recent study combined ERP and PET to study
lateralized visual spatial attention to bilateral stimuli
presented to the upper visual field [Heinze et al., 1994].
Attending to either the left or right side of these stimuli
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resulted in enhanced PET activity in the contralateral
fusiform gyrus, which was experimentally associated
with an early (90–140 msec) attention-enhanced ERP
positivity over the contralateral occipital cortex (the P1
effect). By use of dipole modeling, including ‘‘seeding’’
the source analysis of the ERP effect with the PET
locations, the authors found that these ventral occipital
locations appeared to be a likely source for the P1
effect.

In the present study, PET and high-density (64-
channel) ERPs were combined to study lateralized
attention to bilateral stimuli in the lower visual field to
examine further the organization of spatial attention
effects. Various sources of evidence, e.g., neuropsycho-
logical lesion research and nonhuman primate work
[reviewed in Zeki, 1993] and functional brain imaging
studies [e.g., Sereno et al., 1995], indicate a clear
retinotopic organization to the processing in the early
visual sensory areas. More specifically, there is contra-
laterality to the representation in these areas (left
visual field is processed in the right occipital cortex
and right field on the left); in addition, the upper visual
field is processed in the ventral occipital cortex (below
the calcarine fissure), and the lower field in the dorsal
occipital cortex (above the calcarine). After these earli-
est visual occipital areas that have a dorsal/ventral
split retinotopic representation, visual processing (for
higher-level visual object analysis) appears to proceed
into the ventral occipital and temporal brain regions
for both the upper and lower fields (the ‘‘ventral
processing stream,’’ reviewed in Ungerleider and
Haxby [1994]). Thus, the key question here, especially
vis-à-vis the study of Heinze et al. [1994], is whether
the effects of attention would follow the retinotopic
organization of the early occipital visual processing
areas. That is, would the occipital PET attentional
enhancement effects in the present study now be
mainly in the contralateral dorsal occipital cortex due to
the use of lower-visual-field stimuli? Moreover, would
the estimated source for the P1 effect follow this
pattern as well (i.e., be localized to the dorsal occipital
cortex), thereby covarying with the PET effects?

METHODS

Stimuli and task

In separate sessions, subjects (n 5 10, age 18–41
years, all right-handed, 4 male) performed identical
visual attention tasks while either ERPs or PET scans
of their brain activity were recorded. In all conditions,
subjects fixated on a small cross in the center of the
screen (50 cm away) while bilateral stimuli of 150-msec

duration were rapidly presented (stimulus onset asyn-
chronies 5 250–750 msec) in the lower visual field.
Each bilateral stimulus consisted of a small (alternat-
ing) checkerboard array in each lower visual field,
with each array having either one, two, or no small
dots (Fig. 1). In the active attention conditions, subjects
attended covertly to either one side or the other of the
bilateral stimuli and pressed a button in the right hand
upon detecting ‘‘target’’ stimuli, which were those
having checkerboard arrays on that side with two dots.
(Those with only one or no dots in the array on that
side were thus nontargets, or ‘‘standards.’’)

There were five conditions:

(1) attend left, with many targets (16%);
(2) attend right, with many targets (16%);
(3) attend left, with few targets (2%);
(4) attend right, with few targets (2%);
(5) passive viewing (with 2% irrelevant targets).

The present report focuses only on the occipital
effects of the lateralized attention manipulations.

In preliminary runs, the target difficulty was ad-
justed for each subject, for each visual field, so that
highly focused attention was required but such that
target detection accuracy was around 90%. This was
done by changing either the contrast and/or the size of
the dots. These parameters were then used for both the
ERP and PET runs.

Figure 1.
Schematic diagram of the bilateral lower-visual-field stimulus and
the visual spatial attention task, shown for an attend-right condi-
tion.
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ERP recordings

ERPs were recorded in 40 runs (8 in each condition)
from 64 electrode sites. Prior to the recording session,
the positions of all the electrodes and of several
fiducial skull landmarks were determined using a
sonic-based three-dimensional (3D) digitizer. Sixty-
four channels of EEG were continuously recorded
(sample rate per channel 5 400 Hz, bandpass 5 .01–
100 Hz), including several for monitoring and record-
ing eye movements for later artifact rejection. Aver-
aged ERPs to the standards and targets under the
various attention conditions were extracted by selec-
tive averaging. Repeated-measures analyses of vari-
ance (ANOVAs) of the mean amplitude of ERP compo-
nents across specified latency ranges were performed.
Spherical-spline interpolation was used to generate
scalp topographies of ERP activities [Perrin et al., 1989].

PET

Brain blood flow was measured with 15O-labeled
water (half-life 5 123 sec), administered as an intrave-
nous bolus of 8–10 ml of saline containing 50–70 mCi.
Each subject underwent a series of 10 independent
PET blood-flow scans during a 3-hr scanning session,
with 2 runs in each of the 5 conditions, presented in a
counterbalanced order. Following global normaliza-
tion, the individual scan images were motion-cor-
rected (using the automated imaging registration (AIR)
algorithms of Woods et al. [1992]), 3D-interpolated,
and spatially normalized into proportional bicommis-
sural coordinate space based on the Talairach Atlas
[Fox et al., 1988; Talairach and Tournoux, 1988; Lan-
caster et al., 1995]. Like-condition scans were then
averaged across subjects, and the resultant grand-
averaged scans from relevant pairs of conditions were
subtracted. Change distribution analysis [Fox et al.,
1988] was used to assess the statistical significance of
outliers identified in the averaged subtraction images.
Cluster analysis incorporating an evaluation of both
spatial extent and amplitude of brain responses was
performed to enhance both sensitivity and specificity
in identifying regional changes [Xiong et al., 1995].
Z-score PET rCBF-change images were derived and
thresholded (0z 0 . 2.5), where the z-scores were with
respect to standard deviation values that were calcu-
lated from noise images derived from like-state subtrac-
tions. These were then overlaid on the spatially normal-
ized, grand-averaged MRI images from the same
subjects.

MRI scans

All subjects had high-resolution (1 mm 3 1 mm 3 1.6
mm) MRI scans obtained from a 1.9T Elscint MRI
scanner. These were acquired using 3D-acquisi-
tion, T1-weighted, gradient-echo pulse sequences, with
parameters TR 5 33 msec, TE 5 7.9 msec, and flip
angle 5 25 deg. The MR scans were also spatially
normalized into Talairach coordinate space for coregis-
tration with the PET scans and to enable grand-
averaging.

ERP source analysis

Source analysis was performed on the attentional
difference waves, constrained by seeding with PET
activation foci, using the BESA (brain electrical source
analysis) program [Scherg, 1992]. This program places
simulated dipoles in a three-shell spherical head model,
and iteratively adjusts their locations and orientations
to try to achieve the best fit between the observed scalp
potential distributions and the distributions that the
model dipoles would produce. This approach is facili-
tated by the use of additional information, which in
this study consisted of PET activation foci that were
used were to seed (i.e., begin) the source analysis
iterations. For each subject, coregistration of the ERP
electrode reference frame with the MRI reference
frame was accomplished by transformation matrices
derived from common fiducial points in the two
reference frames. For source analysis of the grand-
average ERP waveforms, the combination of the ERP-
to-MRI coregistration transforms and the MRI-to-
Talairach spatial-normalization transforms (see MRI
Scans, above), above allowed the electrode positions
for each subject to be spatially normalized into Talair-
ach space and then grand-averaged. The Talairach-
space grand-average electrode locations, along with
the Talairach-space PET activation foci for seeding,
were then transformed into BESA space for the source
analysis.

RESULTS

ERP effects

The ERPs showed significantly enhanced scalp-
positive waves from 80–150 msec over occipital areas
for all stimuli (i.e., both standards and targets) in all
the attention conditions relative to passive. This early
‘‘P1’’ attention effect was larger contralateral to the
direction of attention, such that there was a highly
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significant two-way interaction of attention direc-
tion 3 hemisphere (P , 0.001). These attention effects
were not different between the many-target and few-
target conditions, thus providing evidence that sus-
tained attention was similar across these conditions.

Focusing on the effects of attention in the P1-latency
range, attentional difference waves were derived and
the topographic distribution of these around the peak
of the P1 were calculated (Fig. 2, top). Keeping in mind
that the eliciting stimuli in each of the conditions were
identical and bilateral, Figure 2 clearly shows that,
relative to passive viewing, attending to the left side of
the stimuli results in a positive-wave peak over the
right (i.e., contralateral) occipital cortex, and that
attending to the right gave a positive peak over the left
occipital cortex. An additional subtraction of attend-

left minus attend-right ERPs was also performed, as
this subtraction subtracts out nonspecific effects such
as arousal. This subtraction yielded a distribution with
two focal peaks of opposite polarities over the two
occipital cortices (Fig. 2, top right).

PET effects

In the PET images, all active attention conditions
relative to passive showed strong activations in the
contralateral dorsal occipital areas (Brodmann areas
18/19: cuneus gyrus/middle occipital gyrus) (Fig. 2,
bottom; Table I), which were similar in the many-target
and few-target conditions and are thus associable with
sustained attention and the focal early ERP positivity
effect. Some weaker attention-related activation was

Figure 2.
Effects of lateralized attention to bilateral stimuli in the lower visual
field. Top: Topographic distributions of the grand-average ERP
difference waves derived from the attend-left, attend-right, and
passive conditions, showing the effects of lateralized attention
during the P1 latency range (90–140 msec). Because the P1 effects
did not differ as a function of target frequency, ERPs were collapsed
across this factor. Bottom: Grand-average z-score PET difference

images showing the corresponding blood-flow changes due to
lateralized attention, overlaid on the grand-averaged, spatially
normalized MRI images from the same subjects. Images are
horizontal scans through the dorsal occipital cortex (Talairach
coordinate z 5 12 mm). As with the ERPs, data were collapsed
over the target frequency factor.
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also observed in the contralateral ventral occipital
cortex (fusiform gyrus) (Table I).

The extent of the PET effects in the dorsal occipital
cortex suggested that these effects covered more than
just one functional area. The effects did not appear to
include any parts of the calcarine sulcus, indicating
that there was no significant effect on V1 (primary
visual cortex). In the attend-left-minus-attend-right
subtraction, however, the effects did extend inferiorly
and medially to within a centimeter of the calcarine,
and thus may have included V2. From this most
inferior and medial edge of the activation, the acti-
vated area extended superiorly, anteriorly, and later-
ally in a roughly C-shaped curve. The extent of the
activation was greater on the left, especially in the
lateral dimension.

PET-seeded ERP source modeling

The contralateral occipital PET attention effects,
especially the strong dorsal occipital ones, and the
contralateral ERP activations, especially the strong
early positivity (P1 effect), were clearly experimentally
associated (Fig. 2). However, to draw tighter connec-
tions between these hemodynamic and electrical
changes requires a more formal modeling approach. To
address the question of whether the PET activation
areas are viable candidates as sources for the electrical
effects, PET-seeded, iterative, dipole source modeling
(BESA) was applied to the attend-left-minus-attend-
right difference waves, focusing on the latency range
of the P1 attention effect. This set of difference waves
was viewed as the best to use for modeling, because
not only does this subtraction control for nonspecific
effects, such as arousal, but it also substantially re-
duced the complexity of the ERP effects. (Indeed, the
attend-left-minus-attend-right ERP subtraction re-
sulted in quite focused activity that was almost exclu-
sively over the back of the head.) In addition, this
subtraction greatly reduced the number of likely candi-
date dipole sources, in that there were considerably

fewer PET activation hot spots in the corresponding
attend-left-minus-attend-right PET subtraction rela-
tive to any of the PET subtractions of active attention
minus passive.

Dipoles were first placed at the centroids of the
largest PET activations in this subtraction, namely the
dorsal occipital foci (Table I), and the orientations (but
not locations) were allowed to vary. This orientation-
only modeling yielded an extremely good fit for the P1
attention effect, explaining all but 3% of the distribu-
tion at the peak of the effect (110–130 msec). When
location was also allowed to vary, the dipoles moved
slightly anterior (5–8 mm) and explained all but 2% of
the P1 effect (Fig. 3). In contrast, dipoles placed in the
ventral occipital PET foci (Table I), with only orienta-
tion allowed to vary, gave a poor fit, leaving more than
16% of the P1 effect unexplained. When location was
also allowed to vary, the dipoles moved upward
during the iterative dipole fitting, stabilizing in the
dorsal occipital locations. This modeling behavior
strongly suggests that the dorsal occipital PET loca-
tions include the major contributing sources of the ERP
P1 attention effect.

DISCUSSION AND CONCLUSIONS

Lateralized attention to lower-field bilateral visual
stimuli resulted in increased activity in the contralat-
eral dorsal occipital cortex. This relatively large activa-
tion appears to reflect attention-related enhancement
in several of the early lower-field visual areas past V1
(e.g., V2, V3, V3a, dorsal V4) and appears to contain a
major source(s) of the P1 ERP attention effect that
peaks at 120 msec. These dorsal occipital effects do not
appear to include V1 (primary visual cortex) itself, but
the proximity to the calcarine fissure suggests that they
may include V2. The additional smaller effect in the
fusiform gyrus seen in the present experiment may
reflect some activation of the ventral pathway for
object analysis or other higher-order processing, al-

TABLE I. Talairach coordinates of centroids of occipital PET activations in
attend-left-minus-attend-right subtraction

Activation Structure Increase/decrease x y z

Dorsal occipital Left cuneus/middle occipital Decrease 228 289 16
Dorsal occipital Right cuneus/middle occipital Increase 118 291 112
Ventral occipital Left fusiform Decrease 245 271 29
Ventral occipital Right fusiform Increase 126 275 211
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though the timing and contribution to the ERP atten-
tion effects (for lower-field stimuli) are not yet clear.

In contrast, in the Heinze et al. [1994] study, focused
visual spatial attention toward one side of upper-field
bilateral stimuli resulted in effects that were only in the
ventral contralateral occipital cortex (fusiform), with
no effects in the dorsal occipital cortex. Although the
task in Heinze et al. [1994], like the present one,
involved very focused visual spatial attention, it also
included substantial object analysis, which could have
biased the effects in the former study toward ventral
occipital activation. However, these strong ventral
effects (and the lack of dorsal ones) have now been
replicated [Mangun et al., this issue] in a task involv-
ing much less object analysis. We suggest that these
fusiform gyrus PET effects in these upper-visual-field
attention studies actually consist of a combination of
retinotopically organized effects in early (e.g., VP, V4)
upper-field visual areas (which produce the upper-
field ERP P1 effect) plus effects in adjacent higher-order
areas in the ventral processing stream, blurring to-
gether as a large PET activation in the contralateral
ventral occipital cortex. In contrast, the use of lower-
field stimuli in the present experiment appears to have
resulted in a separation between effects in the early

visual areas that have a split representation (and are
dorsal for lower-field stimuli) and the higher-order
ventral-stream effects (which are ventral for both
upper- and lower-field stimuli).

Dipoles seeded into the dorsal occipital PET foci in
the present study yielded an excellent fit for the ERP
P1 attention effect. In contrast, dipoles constrained to
the fusiform foci did not provide a good fit for the P1
effect, and, when the location constraints were re-
leased, the dipoles moved upward to the dorsal occipi-
tal locations. These modeling results argue that the
dorsal occipital PET foci are major contributors to the
early ERP P1 attention effect for lower-visual-field
stimuli. Thus, these early-latency attention-related en-
hancements also follow the retinotopic organization of
the visual sensory input pathways. The location of
these effects (beginning as early as V2), in conjunction
with their very-early-onset latency (70–80 msec) and
their retinotopic organization, suggests that these ef-
fects may be a reflection of enhanced activity on the
initial ascending input activation. Thus, these com-
bined PET/ERP data provide strong evidence that
sustained visual spatial attention results in a preset,
top-down, positive biasing of the early sensory input
channels in a retinotopically organized way.

Figure 3.
Left: Observed potential distributions in the attend-left-minus-attend-right difference waves at the
peak of the P1 attention effect (110–130 msec). Right: Corresponding model potential distributions
seeded by the dorsal occipital PET foci, which provided an excellent fit to the P1 effect (residual
variance 2%).
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