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Using event-related functional magnetic resonance
imaging (fMRI) we determined how brain activity
changes when an attended target shifts its location. In
the main experiment, a white square could appear at
10 possible eccentricities along the horizontal merid-
ian. It remained on the screen for a variable period of
time and then changed location. At any time the stim-
ulus could dim briefly. Subjects had to press a button
when the stimulus dimmed. In order to perform this
task attention had to be locked onto the target and
shift with it. Half of the runs were performed overtly
and half covertly. The event of interest consisted of
the shift in the location of the attentional target. The
state of maintained attention occurring in between
the shifts constituted the baseline. The superior pari-
etal gyrus was activated bilaterally in response to at-
tentional shifts. No other area showed a significant
response to shifting. On the left side the amplitude of
the superior parietal response correlated positively
with the distance of the shift. On the right side a sig-
nificant correlation was present only for overt shifts.
In a separate experiment we compared the maintain-
ing of attention at a single spatial location to passive
fixation: the frontal eye fields, anterior cingulate, right
dorsolateral prefrontal cortex, and inferior parietal
lobule were significantly activated, indicating that the
absence of a shift-related response in these areas in
the main experiment was due to the fact that they
were equally activated by maintaining and shifting
attention. The response to spatial shifts and the cor-
relation with the distance between the original and
the new location points to a specific role of the supe-
rior parietal gyrus in shifting the locus of spatial
attention. © 2001 Academic Press
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INTRODUCTION

The eye scanning pattern in naturally behaving hu-
mans or monkeys is characterized by periods of gaze
maintenance alternating with gaze shifts (Yarbus,
1967). The substrate for shifting and maintaining at-
661
tention, covertly or overtly, has been studied at the
single neuron level, principally by recordings in poste-
rior parietal or frontal eye field neurons (Bizzi, 1968;
Mountcastle et al., 1975; Wurtz and Mohler, 1976;
Lynch et al., 1977; Suzuki and Azuma, 1977; Robinson
et al., 1978; Sakata et al., 1980; Goldberg and Bushnell,
1981; Segraves and Goldberg, 1987; Gnadt and
Andersen, 1988; Duhamel et al., 1992; Colby et al.,
1996). On the basis of relative proportions of neurons
sampled in single neuron recording studies, it is hard
to determine whether, overall, the frontal eye fields or
posterior parietal cortex make differential contribu-
tions to either maintaining or shifting the attentional
target. In this respect fMRI may add new information
since it allows us to measure the function of large
neuronal populations at an anatomical scale.

In patients, parietal lesions impair both shifting (He-
caen and de Ajuriaguerra, 1954; Posner et al., 1984,
1987; Baynes et al., 1986) and maintaining (Hecaen
and de Ajuriaguerra, 1954; Mennemeier et al., 1994).

n the basis of lesion data, the mediation of shifting
as originally attributed to the right superior parietal
yrus (Posner et al., 1984, 1987), but a subsequent
tudy implicated the right temporoparietal junction
Friedrich et al., 1998). These inconsistencies may re-
ect the fact that lesions rarely respect boundaries
etween functionally specialised areas.
In the intact human brain, spatial shifting para-

igms activate the right intraparietal sulcus and the
rontal eye fields, among other structures, in compari-
on to passive fixation or central detection (Corbetta et
l., 1993; Nobre et al., 1997; Gitelman et al., 1999). A
imilar activation pattern has, however, been obtained
hen subjects continuously focus their attention upon
central fixation point (Pardo et al., 1991) or during

ttention paradigms where stimuli are repeatedly pre-
ented in one fixed peripheral location (Vandenberghe
t al., 1996, 1997, 2000). The specificity of the parietal
ole in attentional shifting has thus been questioned
Wojciulik and Kanwisher, 1999).

Experiments that attempted to isolate the spatial
hifting operation more specifically implicated at least
1053-8119/01 $35.00
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662 VANDENBERGHE ET AL.
two parietal areas. First, superior parietal lobule acti-
vation was found during serial but not parallel search
(Corbetta et al., 1995). This is compatible with a role in
shifting between locations but could also be attributed
to differences in task difficulty or to feature binding
(Corbetta et al., 1995; Friedman-Hill et al., 1995). In a
second experiment based on peripheral cueing (Cor-
betta et al., 2000), the temporoparietal junction on the
ight responded more strongly to a test stimulus that
ollowed an invalid than a valid cue, a condition which
equired attention to be shifted from the location of the
ue to that of the target.

In the experiment reported here subjects had to de-
ect the dimming of a visual stimulus (Wurtz, 1969).

e determined the brain response when the attended
timulus shifted its location (Figs. 1A, 1B, 1C, 1E, and
F). In contrast to previous neuroimaging studies (Cor-
etta et al., 1995, 2000; Vandenberghe et al., 2000) the

event-related response to spatial shifts was deter-
mined against a closely matched baseline consisting of
maintained attention to stimuli remaining at the same
location. As a second difference, shifts in stimulus lo-
cation occurred independently from the occurrence of
target events (i.e., dimming of the stimulus), thus re-
moving confounding effects of decision making or re-
sponse selection.

MATERIALS AND METHODS

Subjects

Twelve right-handed subjects, five women and seven
men, between 23 and 30 years of age, participated, six
of them in the first experiment only, five also in the
second experiment and one in the second experiment
only. All were strictly right-handed, free of psycho-
tropic or vasoactive medication, had no neurological or
psychiatric history, and had a normal brain magnetic
resonance image (MRI). They gave their written in-
formed consent in accordance with the Declaration of
Helsinki. The experiment was approved by the Insti-
tutional Review Board at Northwestern University.

First Experiment

Stimuli and task. Stimuli were presented using Su-
perLab software (Cedrus, Phoenix, AR) running on a
Macintosh Power PC (Apple, Cupertino, CA) and pro-
jected onto a rear-projection screen. Subjects viewed
the screen at 170 cm from their eyes via a mirror while
lying on the scanner couch.

The experiment was conducted in different runs, a
run being defined as a continuous series of 169 volume
acquisitions. A 0.27° central fixation cross was shown
throughout a run. At the start of each run a white 0.44
p 0.44°2 box appeared at one of 10 possible locations on
the horizontal meridian, at 0.74, 2.15, 3.56, 4.97, or
6.38° eccentricity in left or right hemifield (Fig. 1A).
The object remained on the screen for the entire run
but its location shifted between the ten possible posi-
tions (Fig. 1B, 1C, 1E, and 1F). These shifts constituted
the events of interest. In total 96 such events occurred
within each run. In addition there were 48 null events
(Buckner, 1998; Friston et al., 1999). During a null
event the stimulus stayed at the same location as that
occupied during the previous event (Fig. 1D). These
null events are included solely to increase response
variability (Burock et al., 1998). It is important to
realize that responses to the events of interest are
determined in comparison to the state of sustained
attention in between the events of interest rather than
in comparison to the null events per se. Stimulus po-
sitions therefore are strictly matched between the
event of interest and baseline.

Event onset asynchrony was 2260 ms. For each run
and each subject separately, the successive positions of
the object were pseudorandomly determined with two
constraints. First, each run had to contain 48 leftward
and 48 rightward shifts, a third within the left, a third
within the right and a third across hemifields. Second,

FIG. 1. First experiment. Example of successive stimulus dis-
plays. The visual stimulus remains on the screen until the start of
the next event, at which point its location either shifts (event of
interest) or stays (null event). (A) Onset of the imaging sequence. A
stimulus is presented. (B) Leftward shift across hemifields. (C) Left-
ward shift within left hemifield. (D) Null event. (E) Rightward shift
across hemifields. During the interval following event E a target
occurs consisting of a dimming of the stimulus. The timing of a target
is entirely independent of the timing of a shift. Only 24 targets
occurred for a total of 144 events. The time between the start of trial
E and that of trial F is identical to the interval between the other
trials. Three successive displays instead of one are shown only in
order to demonstrate the occurrence of the brief dimming. (F) Left-
ward shift within right hemifield. A time scale is shown on the right.
Abbreviations: eoa event onset asynchrony, equal to 2260 ms.
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663SUPERIOR PARIETAL CORTEX AND SHIFTING
the 144 event sequence was optimized such that the
relative frequency with which each of three event types
(leftward, rightward, null) followed a given event type
closely approximated 0.33 (Burock et al., 1998).

Subjects held a button in their right hand and were
nstructed to respond when the luminance of the box
immed. The dimming lasted for 100 ms (Fig. 1E). In
otal 24 such targets were spread evenly over the en-
ire run. The timing of a dimming was completely
ndependent of the timing of a spatial shift and a target
ould occur at any time following the event onset.

In half of the runs subjects were instructed to look at
he attended stimulus and in half they were instructed
o fixate the fixation cross. Overt and covert runs al-
ernated and the order was counterbalanced across
ubjects.
In a training session in the cognitive laboratory on a

eparate day, subjects were trained on the covert and
he overt orienting tasks. Six subjects received 6 series
f 144 trials of both tasks and five subjects 3 series. In
he cognitive laboratory the luminance of the box was
.48 cd/m2, that of the background screen 1.45 cd/m2.

Stepwise decreasing luminance differences were used
with dimmings ranging from a 4.98 cd/m2 luminance
difference to 0.43 cd/m2. Eye movements were moni-
tored on-line and subjects were informed if saccades
occurred during covert orienting.

During training the eye position was monitored us-
ing the ISCAN infrared eye monitoring system
(ISCAN, Burlington, MA) (Gitelman et al., 2000). Dur-
ing fMRI scanning eye position was monitored using an
ASL infrared system (Applied Science Laboratory,
Waltham, MA). This system does not only allow for
monitoring of changes in gaze direction but also of the
absolute direction of gaze.

Image acquisition. A 1.5 Tesla Siemens Vision sys-
tem (Erlangen, Germany) equipped with a head vol-
ume coil provided T1 anatomical volume images (TR
15–23 ms, TE 5.6 ms, in-plane resolution 0.94 mm) and
T2* echoplanar images (EPI) with blood–oxygenation
level-dependent contrast. EPIs (TR 2 s, TE 40 ms)
comprised 24 axial slices acquired continuously in an
interleaved fashion (voxel size 3.75 3 3.75 3 5 mm3). A
otal of 169 vol were acquired during each run covering
he cerebrum entirely. The first 6 vol were discarded to
llow the MRI signal to reach steady-state. Five sub-
ects underwent six runs, one subject four and the five
ubjects who also participated in the second experi-
ent two runs.
Image analysis. All image processing analysis was

erformed using Statistical Parametric Mapping ver-
ion 1999 (Wellcome Department of Cognitive Neurol-
gy, London, UK) (Friston et al., 1995b). Following

correction for differences in timing of slice acquisition
within a volume, EPI volumes were realigned, and
resliced using sinc interpolation. A mean EPI volume
was obtained during realignment and the structural
MRI was coregistered with that mean volume. The
structural scan was normalized to the Montreal Neu-
rological Institute T1 template in Talairach space (Ta-
lairach and Tournoux, 1988; Friston et al., 1995a) us-
ing nonlinear basis functions. The same deformation
parameters were applied to the EPI volumes. The EPI
volumes were spatially smoothed using a 7 3 7 3
10-mm3 filter. Data from different runs were propor-
tionally scaled to a grand mean of 100 arbitrary units
to account for overall differences in the intensity of
whole brain volumes across the time series. Data were
analyzed using a fixed-effects general linear model.
The time series for each voxel were high-pass filtered
to 1/32 Hz and low-pass filtered by a 4-s full-width of
half-maximum (FWHM) Gaussian filter. The response
to the shift events, synchronized with the acquisition of
the top slice, was modeled by a canonical hemodynamic
response function (HRF), consisting of a mixture of 2
gamma functions that emulate the early peak at 5 s
and the subsequent undershoot (Friston et al., 1999).

or each run, a parameter was estimated for the am-
litude of the response (zero-order effect) and a param-
ter for linear correlations between response ampli-
ude and the amplitude of the shift (first-order effect)
9 values, ranging from 1.41° to 12.76°). Statistical
nference was corrected for intrinsic autocorrelations.

statistical parametric map of the t statistic for the
arameter estimates was generated and subsequently
ransformed to a Z map. Activations due to shifting
nd linear correlations between fMRI response and
hift amplitude were only retained when they occurred
uring both covert and overt shifts (conjunction anal-
sis (Price and Friston, 1997)). In distinction to the
onjunction analysis as formulated by Price and Fris-
on (1997) the conjunction analysis in SPM99 retains
ll voxels that are activated in each of the two condi-
ions, including those voxels where a significant differ-
nce in activation occurred between the two conditions.
In a separate analysis, we distinguished between

ifferent event types depending on the direction and
ocation of the shifts. This allowed us to contrast pa-
ameter estimates for leftward shifts and rightward
hifts and for shifts within the left and within the right
emifield. For this second analysis computational lim-

tations necessitated a reduction of the number of im-
ges analysed to 4 runs in 6 subjects and 2 runs in 5.
The significance map was thresholded at a height

hreshold of P , 0.05 corrected for the entire search
olume. When we assessed effects in a restricted vol-
me of interest determined a priori on the basis of an

ndependent contrast, the significance threshold was
et at P , 0.05 corrected for the region’s size following
procedure that takes into account the region’s shape

nd the smoothness estimate of the statistical field
Worsley et al., 1996).

In addition to the main analysis we performed two
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additional analyses. In order to confirm that both overt
and covert shifting conditions contributed to the re-
sults of the conjunction analysis we analyzed overt and
covert shifting conditions separately. We determined
the zero-order and the first-order effect in each of the
conditions and also compared the two conditions di-
rectly. Second, in order to assess the consistency of the
activations between subjects, we performed a conjunc-
tion analysis between subjects. In this conjunction
analysis we determined which regions responded to the
shifting event in all of the subjects.

Second Experiment

The first experiment allowed us to determine the
response to shifts in stimulus location in comparison to
a high-level baseline consisting of sustained peripheral
attention. In order to determine the activity pattern
during the high-level baseline against which these re-
sponses occurred we carried out a second study com-
paring the sustained peripheral attention condition to
passive fixation.

Stimuli and task. Each imaging run consisted of
three alternating conditions: sustained leftward atten-
tion, sustained rightward attention, and passive fixa-
tion (Fig. 2). At the start of an epoch a box appeared
randomly at one of the 10 possible locations. It retained
its location until the end of that epoch 26.9 s later.
During passive fixation only the fixation cross was
shown for 26.9 s (Fig. 2C). The 3 conditions were rep-
licated 5 times per run and each of the ten possible
locations was occupied once in each run. For each run
and each subject the order between the three condi-
tions was randomized. Over the entire run a total of 16
dimming targets occurred. These targets were spread
randomly over the active epochs. As in the first exper-
iment, subjects had to press a right-hand key when a
target occurred.

FIG. 2. Second experiment. Example of successive stimulus dis-
plays. Each display corresponds to an epoch. The visual stimulus
remains on the screen until the start of the next epoch. (A) Sustained
attention to the right. (B) Sustained attention to the left. (C) Passive
fixation. Across the entire run all 10 possible stimulus positions are
occupied once. The time scale is shown on the right. The duration of
each epoch is 26.9 s. Similarly to the first experiment subjects had to
detect a dimming of the stimulus (not shown).
In a training session in the cognitive laboratory on a
separate day, subjects were trained on the covert and
overt orienting tasks. They performed 5 replications of
the 3 conditions three times, using progressively de-
creasing luminance differences. Eye movements were
monitored on-line and subjects were informed if sac-
cades occurred during covert orienting.

Image acquisition. Two subjects underwent four
runs, three subjects three (two covert and one overt)
and one subject two. Five subjects also received two
runs of the first experiment during the same fMRI
scanning session. During each run, 208 EPI volumes
were acquired of which the first 6 were discarded. The
acquisition parameters were otherwise identical to
those of the event-related study.

Image analysis. The hemodynamic response was
modelled using a canonical HRF convolved with a box-
car. Parameters were estimated for each of the three
conditions (leftward sustained, rightward sustained,
passive fixation). The time series for each voxel were
high-pass filtered to 1/180 Hz and low-pass filtered by
a 4 s FWHM Gaussian filter. The difference in cut-off
frequency of the high-pass filter in the first (1/32 Hz)
and the second (1/180 Hz) experiment is due to the
difference in the duration of the experimental cycle of
the event-related in comparison to the epoch-based
study. Activations due to sustaining attention were
retained only when they occurred both during covert
and during overt conditions (conjunction analysis). An
explicit comparison between covert and overt sus-
tained attention conditions was not performed given
the relatively low number of runs in each condition (8
overt and 11 covert; compare to the first experiment: 22
overt and 22 covert).

RESULTS

First Experiment

Behavioral results. The average relative luminance
difference that subjects could reliably detect during the
fMRI experiment was 40% (SEM 1.2) during covert and
38% (SEM 1.2) during overt orienting (no absolute
luminance could be measured in the MRI room due to
the magnetic properties of the candelameter). Of the 24
targets per run subjects detected on average 18 (SEM
1.1) if orienting was covert and 20 (SEM 0.8) if it was
overt (paired t P , 0.05). Reaction times were signifi-
cantly slower during covert (536 ms, SEM 6.0) than
during overt orienting (516 ms, SEM 5.6) (paired t P ,
0.05).

The sensitivity for detection of gaze shifts was ap-
proximately 1.5 to 2°. Since the system records gaze
position with respect to the screen coordinates and not
only gaze shifts, this resolution allowed us to clearly
differentiate between overt and covert attention runs.
In 7 of 11 subjects eye positions could be monitored
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665SUPERIOR PARIETAL CORTEX AND SHIFTING
reliably. During covert orienting subjects consistently
maintained fixation of the central fixation point, except
for some rare horizontal saccades (less than 5 per run)
occurring in one run in two separate subjects and more
frequently (5 to 10 per run) in two runs in another
subject.

Functional imaging results. When subjects were
attending to an object and the object shifted its location
(Fig. 1) superior parietal cortex was significantly acti-
vated bilaterally at the time of the shift (Fig. 3A; Table
1), both when shifts were covert and when they were
overt (conjunction analysis). This activation was exten-
sive and comprised the medial as well as lateral sur-
face of superior parietal cortex extending into the in-
traparietal sulcus, both on the left and the right (Fig.
3A). No other voxels of significant activation were
found.

In a secondary analysis we determined activations
during covert shifting and activations during overt
shifting taken separately. During covert shifting in
comparison to baseline significant activation was seen
in the superior parietal region, both to the left (233
251 57, Z 5 5.12), and to the right (12 263 48, Z 5
.49; 27 257 60, Z 5 4.68). This was also the case
uring overt shifting (left: 218 260 260, Z 5 6.82;
ight: 27 257 57, Z 5 6.55). Significant activations
uring covert or during overt shifting that occurred
utside the superior parietal region are listed in Table
. These were found during overt shifting only and
ere restricted to occipital cortex. When covert and
vert shifting were compared to each other directly, no
ignificant differences were found in the superior pari-
tal region (overt minus covert: 30 254 54, Z 5 2.18;
15 263 60, Z 5 2.03). Outside the superior parietal

egion activity was significantly higher during overt
han during covert shifting in occipital cortex (3 272 3,
5 5.88; 3 290 3, Z 5 5.72; 3 278 27, Z 5 5.36; 15 275

TABLE 1

Shifting Attention Minus Maintaining Attention

Ext. x y z Z

L Superior parietal gyrus 88 224 257 57 7.35
233 254 57 6.61

R Superior parietal gyrus 81 15 263 51 7.21
27 257 60 6.91

Note. Signal increases elicited by spatial-attentional shifts in com-
arison to sustaining attention (conjunction between covert and
vert conditions). First column: anatomical name. Second column:
patial extent (number of 3 3 3 3 3-mm3 voxels) of activation cluster

after a height threshold of corrected P , 0.05 was applied. When no
extent is mentioned for a given activation, this activation peak
belonged to the same cluster as the activation mentioned in the row
above. Third to fifth column: x, y, z Talairach coordinates of peak
ctivation. Sixth column: Z score during shifting in comparison to
ustaining attention (first experiment). Bold: significant at corrected
, 0.05. Abbreviations: R, right; L, left; ext., extent.
12, Z 5 5.24). This activation covered striate cortex,
he cuneus as well as the part of the lingual gyrus
ilaterally. It could possibly be related to activity in-
reases due to refixation following brief instances of
accadic suppression. Activation in early visual areas
as been reported during the execution of saccades in

ight or dark (Bodis-Wollner et al., 1997). Even at an
ncorrected P , 0.05 activity in the frontal eye fields
id not differ between overt and covert shifts. The
nverse comparison, covert shifting minus overt shift-
ng, revealed significant activation of right inferior pa-
ietal lobule (45 257 24, Z 5 4.74).
We determined whether a linear correlation existed

etween the amplitude of shifting and the fMRI re-
ponse in superior parietal cortex. Our region of inter-
st consisted of the voxels showing a significant (cor-
ected (corr.) P , 0.05) response to shifting (Fig. 3A)
fter correction for the restricted search volume of
nterest (Worsley et al., 1996). A significant correlation
as found on the left (221 257 63, Z 5 3.45, corr. P ,
.05) (Fig. 3B) due to positive correlations during both
vert (221 257 63, Z 5 3.05, corr. P , 0.1) and covert
hifts (236 254 57, Z 5 2.62, corr. P , 0.2). On the
ight the correlation remained far below significance in
he conjunction analysis (30 251 63, Z 5 1.86) due to
he fact that a correlation was present only during
vert shifts (33 251 63, Z 5 3.50, corr. P , 0.05). In the
nrestricted whole-brain search volume no correla-
ions reached the corrected significance threshold.
ear-threshold correlations however were seen in oc-

ipital cortex (23 278 212, Z 5 4.55, corr. P , 0.2).
The above analyses were based on a fixed effects
odel. In order to verify between-subject consistency of

ctivations we executed a conjunction analysis be-
ween subjects and determined which regions re-

TABLE 2

Overt Shifting Minus Baseline

x y z Z

Calcarine 12 281 0 6.23
29 269 0 5.74

0 287 3 6.51
0 272 15 5.69

Ventral occipital 15 278 212 7.16
24 275 212 6.33

Ventral occipital 218 275 212 6.33
29 275 212 5.82

edial occipital 3 281 33 7.13

Note. Activations during overt shifting that lie outside the superior
arietal region obtained in the conjunction analysis of covert and
vert shifting. These activations were restricted to occipital cortex.
he extensive superior parietal activations during overt shifting in
omparison to baseline are listed in Table 1 since these activations
ere common to overt and covert shifting conditions. There were no
ctivations during covert shifting minus baseline outside the supe-
ior parietal region of interest.
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sponded to the shifting events in all of the 11 subjects.
Significant activation was found in the left superior
parietal region (230 251 54, Z 5 5.24) as well as in the
right superior parietal region (27 260 60, Z 5 5.03).

We also determined how direction and location of
shifts affected responses in the superior parietal region
(Worsley et al., 1996). No significant effects were found,
even when the search volume was restricted to the
superior parietal region of interest. When the shift
occurred towards the left instead of the right, the re-
sponses tended to be somewhat stronger in superior
parietal cortex on the right side (15 257 54, Z 5 2.11).

his was also true when a shift occurred within the left
nstead of within the right hemispace (30 260 63, Z 5

2.19). The opposite pattern was seen in left superior
parietal cortex, which demonstrated a trend toward a
higher response during rightward instead of leftward
shifting (227 251 54, Z 2.28) and during shifting

ithin the right instead of the left hemispace (227 254
63, Z 5 2.16). The type of these effects and their rela-
tive weakness is in line with what has been reported
previously (Corbetta et al., 1993; Nobre et al., 1997;
Vandenberghe et al., 1997, 2000). Left precentral gyrus
(236 215 60, Z 5 5.03), corresponding to primary
motor cortex, and left posterior insula (245 215 9, Z 5
.88), were more active during the sustained attention
aseline in comparison to the shifting event. The pre-
entral activation is due to the right-hand responses to
he dimming targets that occurred during the intervals
etween the events of interest.

econd Experiment

Behavioural data. The average relative luminance
ifference was 38% (SEM 2.2) during covert and 37%
SEM 2.2) during overt orienting. Of the 16 targets per
un subjects detected on average 11 (SEM 1.1) if ori-
nting was covert and 12 (SEM 1.1) if it was overt
paired t test P . 0.8). The average reaction time was
33 ms (SEM 9.7) during covert orienting and 526 ms
SEM 9.9) during overt orienting (Student’s t test P .
.6).
In two of six subjects eye positions could be moni-

ored reliably in at least half of the runs. During one
overt orienting run one subject made five to ten sac-
ades in total. The low success rate in monitoring eye
ovements in the second experiment was due to tech-
ical difficulties principally consisting of gradual wear-

ng of the infrared light source.
Functional imaging results. When subjects at-

ended covertly or overtly to an object that remained at
fixed location, a number of brain regions were more

ctive than during passive fixation, including right
remotor cortex, right middle frontal gyrus, and ante-
ior cingulate (Table 3). Strong activation was observed
n right and left inferior parietal lobule, depicted in
lue in Fig. 4A (Table 3), at a location inferior and
ateral to the superior parietal focus activated during
hifting. The latter region, as obtained in the first
xperiment, is depicted in red in Fig. 4A. No activation
as obtained during maintenance of attention in this

uperior parietal region when the statistical map was
hresholded at P , 0.05 corrected for the entire brain
earch volume.
In order to exclude the presence of any effects occur-

ing at a lower threshold we restricted our analysis to
he bilateral superior parietal region activated signifi-
antly during shifting (Fig. 3A; Table 1) and corrected
he significance level for that restricted volume of in-
erest (Worsley et al., 1996). No significant effects were
ound. On the left side a small cluster of voxels tended
o be more active during sustained attention in com-
arison to passive fixation (233 257 57, Z 5 2.65). This
ffect originated almost exclusively from activation
uring covert sustained attention, with a significant
ncrease during covert sustained attention in compar-
son to passive fixation (221, 254, 48, Z 5 5.04; 227
51 54, Z 5 4.32). During overt sustained attention

here was no superior parietal activation, even at an
ncorrected P , 0.05. On the right side, none of the
oxels within the region of interest showed any activa-
ion during maintaining attention even when the
hreshold was lowered to P , 0.05 uncorrected in ei-
her covert or overt sustained attention conditions.

Conversely, we evaluated whether the voxels that
ere significantly activated during maintaining atten-

ion (Table 3) responded to the occurrence of a spatial
hift. The significance threshold was corrected for this

TABLE 3

Sustaining Attention Minus Passive Fixation

Ext. x y z Z

Angular gyrus 69 54 260 33 6.44
57 251 30 6.15
60 245 42 5.26

L Angular gyrus 48 242 260 48 6.00
248 263 33 5.67

R Premotor cortex 10 48 12 42 5.75
R Middle frontal gyrus 5 39 48 21 5.27

2 51 33 21 5.24
Cingulate sulcus 15 12 24 42 5.38
Rostral anterior cingulate 10 15 42 0 5.27
Medial superior frontal gyrus 14 6 42 33 5.59

1 9 9 48 4.84
R Anterior insula 1 39 30 29 4.94
L Anterior insula 6 230 27 215 5.28
L Middle occipital gyrus 2 245 263 6 5.20
R Calcarine sulcus 12 21 293 23 5.93
L Calcarine sulcus 56 218 296 3 7.11

Note. Second experiment: Cortical signal increases during sustain-
ing attention (conjunction between covert and overt conditions) in
comparison to passive fixation. Sixth column: Z score obtained in the
subtraction of passive fixation from sustained attention conditions.
For conventions see Table 1.
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restricted volume (Worsley et al., 1996). No significant
increases or decreases were obtained in response to the
shifting events. Subthreshold increases of BOLD sig-
nal were seen in most of the areas listed in Table 3,
including anterior cingulate (Z 5 2.53), right middle
frontal gyrus (Z 5 2.51), right premotor cortex (Z 5
.89), and right inferior parietal lobule (Z 5 1.86).

Subthreshold effects were also seen in left calcarine
sulcus (Z 5 2.92). Subthreshold decreases of BOLD
signal were found in the anterior insula bilaterally
(Z 5 2) and in left inferior parietal lobule (Z 5 1.73).
Overall these subthreshold effects indicate that activ-
ity in the spatial attention network as a whole was
weakly modulated by the occurrence of a shift.

Occipital changes contralateral to the direction of
attention were also found but in the current experi-
ment these could be either sensory or attentional
(Heinze et al., 1994; Woldorff et al., 1997) in origin.
When the attended stimulus was presented in the left
hemifield, activity was significantly higher ipsilater-
ally in left middle frontal gyrus (230 45 24, Z 5 5.60,
ext. 15). There were no corresponding frontal changes
during rightward attention. Ipsilateral frontal activa-
tion during sustained left-sided attention confirms our
earlier findings (Vandenberghe et al., 1997, 2000). We
have speculated that this ipsilateral activation may be
related to suppression of distracting stimuli to the
right but no such stimuli were present in the current
study. Lesion studies do not provide evidence for a role
of left frontal cortex in spatial attention and the exact
meaning of the left frontal direction-sensitive effects is
currently unclear.

DISCUSSION

When subjects were attending to an object, superior
parietal cortex was strongly activated bilaterally at the
time when the object shifted its location (Fig. 3A).
These responses were determined against a closely
matched baseline state within the same experiment
where subjects attended to a stimulus remaining at a
fixed eccentric location. The high-level baseline en-
sures that the source of these increases is related to the
shifting event specifically rather than spatial attention
generally (Wojciulik and Kanwisher, 1999). The corre-
lation of the superior parietal response with the dis-
tance of the attentional shift supports the face validity
of this conclusion (Fig. 3B). The result was highly con-
sistent between subjects. The main analysis was based
on a conjunction analysis between covert and overt
shifting and separate analysis of each of the two con-
ditions confirmed that superior parietal cortex oc-
curred in each of the two conditions, in accordance with
earlier neuroimaging reports of strong overlap between
covert and overt shifting (Corbetta et al., 1998; Nobre
et al., 2000; Perry and Zeki, 2000). Previous experi-
ments of covert attention (Corbetta et al., 1993, 1998;
Vandenberghe et al., 1996, 1997, 2000; Nobre et al.,
1997) and of saccadic eye movements (Paus et al., 1993;
Anderson et al., 1994; Kawashima et al., 1996; Luna et
al., 1998) have often revealed parietal activation, most
consistently so within the intraparietal sulcus. In a
number of studies there were also additional superior
parietal activations (Corbetta et al., 1995; Vanden-
berghe et al., 1996, 2000; Luna et al., 1998; Wojciulik
and Kanwisher, 1999; Gitelman et al., 1999). These
were near or identical to the superior parietal region
we implicate here in shifting specifically.

The shifting event was perceived as a sudden spatial
translocation of a single object. The disappearance of
the object at one location and its emergence at a dif-
ferent one occurred simultaneously. In addition to the
shift, therefore, the parietal response could conceivably
also reflect the sensory or attentional consequences of
stimulus disappearance and appearance. In fact, many
parietal neurons do respond more strongly to the onset
of a sensory stimulus than to a sensory stimulus that
has been present for a period of time (Sakata et al.,
1980) and stimuli of sudden onset are known to capture
attention very efficiently and almost automatically
(Yantis and Jonides, 1990; Gottlieb et al., 1998). How-
ever, this phenomenon is unlikely to account for the
activations we observed since, on the left side, these
activations were correlated with the magnitude of the
attentional shifts (Fig. 3B). Furthermore, strong bilat-
eral superior parietal activation during shifting has
been confirmed in a recent event-related experiment of
shifting where shifts were driven entirely endog-
enously in the absence of sudden stimulus onsets (Yan-
tis et al., 2000).

The underlying cognitive process may consist of a
purely attentional mechanism mediating covert shifts
of the attentional focus irrespective of eye movement
control. It is however impossible on the basis of the
current data to distinguish such a purely attentional
mechanism from processes related to eye movement
planning. Even if subjects fixated perfectly well during
the covert shifting runs, this would not exclude a con-
tribution of eye movement planning. Eye movements
may be planned but not executed. A strict separation
between attentional shifting and planning of eye move-
ments may be impossible and the two processes are
probably intricately connected (Sheliga et al., 1995;
Corbetta et al., 1998).

Biparietal involvement in attentional shifting is in
agreement with patient lesion data. In patients suffer-
ing from Balint’s syndrome the eye movement pattern
is profoundly disturbed and characterized by an inabil-
ity to shift gaze on the basis of behavioral relevance
(Hecaen and de Ajuriaguerra, 1954; Luria et al., 1963;
Damasio et al., 2000). In these patients fixation is
“locked” (Hecaen and de Ajuriaguerra, 1954). A classi-
cal localization is parietal cortex bilaterally (Damasio
et al., 2000). Unilateral lesions of the superior parietal
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FIG. 3. (A) First experiment. Areas activated during shifting in comparison to sustaining attention (averaged over covert and overt
onditions). Z map projected upon the normalized and averaged T1 MRI image of all 12 subjects. Significance threshold Z . 4.5. Coronal

sections as well as posterior view on the brain surface. The arrows mark the intraparietal sulcus. (B) First experiment. Correlation between
the amplitude of the fitted fMRI response and the amplitude of the spatial shift in a left superior parietal voxel (221 257 63). In order to
plot this graph we started for each run from the vector that contained the fMRI response peak amplitudes of each of the 96 successive shifting
events of that run and the vector that contained the shifting amplitude of each of these events. We ranked these two vectors as a function
of the shift amplitude applying exactly the same reordering to both vectors. We summated the response amplitude vectors of all the runs.
We also summated the shift amplitude vectors of all the runs. Finally we divided each of these vectors by the number of runs. This gives a
vector of 96 members containing an average of response amplitudes and a vector of 96 members containing an average of the corresponding
shift amplitudes. These two vectors are plotted against one another. If all runs contained the same number of events for each of the 9 possible
shift amplitude values, the average shift amplitudes could be of 9 possible values. The number of shifts of a given amplitude however could
vary between runs. The average shift amplitude vector therefore also contains values that lie in between these 9 values and this is why this
plot also contains intermediary values. The amplitude of the spatial shift is expressed in degrees, time in sec. The fMRI signal change is
expressed in a-dimensional units. These units are arbitrary and correspond to percentage of the grand whole-brain mean signal. The fMRI
response is shown after averaging over all sessions and all subjects.
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lobule impair manual reaching for peripheral objects
(optic ataxia) (Auerbach and Alexander, 1981; Perenin
and Vighetto, 1988; Sakata and Taira, 1994). In mon-
keys the superior parietal lobule, in particularly areas
5 (Andersen et al., 1990) and V6A (Ferraina et al.,
1997), have been associated with visual guidance of
reaching (Sakata and Taira, 1994; Caminiti et al.,
996). Two superior parietal areas in monkeys are
natomically and functionally well-placed to fulfill a
ole in the control of both visually guided saccades and
eaching. Area V6 lying in the caudal aspect of the
uperior parietal lobule at the junction between the
arietooccipital and the intraparietal sulcus (Zeki,
986; Galletti et al., 1999) contains neurons with pre-

FIG. 4. (A) First and second experiment. Anatomical relationship
experiment) and the inferior parietal focus obtained during sustainin
0.05. (B) First experiment. Right superior parietal fMRI response (1
parietal response (57, 254, 33) during sustained attention epochs.
or postsaccadic activity. It is also strongly connected
with area V6A, which contains arm-reaching neurons
(Shipp et al., 1998). Functionally, it has been impli-
cated in selection of peripheral targets during visual
search as well as in reaching toward objects in periph-
eral space (Shipp et al., 1998; Galletti et al., 1999). A
second superior parietal area, area 7m at the medial
side of superior parietal cortex, receives input from
visual as well as somatosensory areas, from parietal
areas 7a and LIP, which are involved in eye movement
control, and sends output to area 5 and MIP, areas
involved in visually guided reaching (Cavada and Gold-
man-Rakic, 1989; Caminiti et al., 1996). It would be

remature to speculate about homologies between our

tween the superior parietal focus obtained during shifting (red; first
ttention (blue; second experiment). Significance threshold corr. P ,
63, 51) to the shifting event. (C) Second experiment. Right inferior
be
g a

5, 2
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activation site and monkey areas. The neurophysiolog-
ical data however strengthen our interpretation that
the contribution of the superior parietal lobule is not
restricted to visuomotor guidance of arm movements
but also involves the control of visually guided sac-
cades or even peripheral attention in the absence of
overt behavior.

Event-related fMRI studies (Corbetta et al., 2000;
opfinger et al., 2000) have started to unravel func-

ionally specialized areas within human parietal cor-
ex. Corbetta et al. (2000) used a classical spatial cue-
ng paradigm developed by Posner et al. (1980) and
eported bilateral intraparietal sulcus activation in re-
ponse to both the cue and the target and also during
he delay interval between the two (Corbetta et al.,
000). The parietal region activated in our study lay
learly within the superior parietal gyrus and is there-
ore anatomically distinct from the intraparietal sulcus
egion described by Corbetta et al. (2000). A second

parietal region, the right temporoparietal junction,
was also active following both the cue and the test
stimulus but most strongly so when subjects shifted
their attention following an invalid cue implicating the
region in the shifting of the attentional focus from the
location of the cue to that of the target or in the revision
of spatial expectancies (Corbetta et al., 2000). The cur-
rent study implicates a different area in shifting, the
superior parietal gyrus (Fig. 3A). Our conclusion is
based on a direct comparison between the response
elicited by shifts and a baseline consisting of main-
tained attention. Corbetta et al. (2000) based their
conclusion on a difference between event-related activ-
ity elicited by a validly and an invalidly cued target.
The cognitive processes isolated by the two contrasts
differ. For instance, an invalidly cued target requires
revision of a recently established spatial expectancy
while, in our study, the new location was unpredict-
able. Different parietal areas could conceivably medi-
ate different kinds of shifting, depending on whether
the attentional focus is displaced from the site of an
actual, as in our study, or an anticipated stimulus as in
the study by Corbetta et al. (2000).

A previous PET study comparing shifting and main-
tenance of attention in a blocked-mode failed to reveal
specific parietal involvement in shifting (Vanden-
berghe et al., 2000). This may have been due to the
blocked-mode presentation. By integrating the brain
response over a longer period of time that PET exper-
iment may not have had sufficient sensitivity to pick
up the transient response to stimulus shifts. Second, as
in most functional imaging studies to date, trials in the
PET study (Vandenberghe et al., 2000) were presented
one at a time, interspersed by an interstimulus inter-
val. This always leaves the possibility that subjects
shift attention during the interval between the end of
the trial and the start of the next trial. Precisely for
that reason, the current experiment made use of a
stimulus that remained on the screen throughout an
imaging run and a task that required continuous at-
tention.

Regarding the correlation we found between fMRI
response and shift amplitude the result was more
equivocal. The conjunction analysis between covert
and overt shifting revealed a significant correlation in
the left superior parietal lobule but not on the right
side. When the two conditions were analyzed sepa-
rately, right superior parietal responses appeared to
correlate with the amplitude of overt but not with the
amplitude of covert shifts. On the left side the correla-
tion was significant both for overt and for covert shifts.
New experiments are required to confirm the pattern of
correlations seen here. Preferably, in such experiments
the number of events corresponding to each parametric
value should be equal and a wider range of parametric
values should be used (instead of a maximum shift of
12.8° only).

A second variable affecting the superior parietal re-
sponse was the vectorial direction of the shift. Parietal
activations when the attended stimulus is located in
contralateral hemispace have been described before
(Corbetta et al., 1993; Nobre et al., 1997; Vandenberghe
et al., 2000) and a similar trend was confirmed by the
current data. On grounds of patient lesion studies (Me-
sulam, 2000), we predicted that parietal activity would
also be modulated by the direction of an attentional
shift toward the left or toward the right regardless of
the hemispace within which the shift occurred. We
manipulated the direction of shifting independently of
the attended hemispace. Superior parietal activity
tended to be higher when attention shifted in the con-
tralateral direction, despite the fact that such shifts
occurred with equal frequency within the ipsilateral or
the contralateral hemispace (Mesulam, 2000).

In addition to the main experiment we also carried
out a control experiment comparing sustaining atten-
tion to passive viewing. Its principal purpose was to
determine which areas were activated during the high-
level baseline we used in the main experiment. A num-
ber of areas were activated, including the frontal eye
fields, right middle frontal gyrus, the inferior parietal
lobule and anterior cingulate. Activation of these clas-
sical components of the spatial attention network (No-
bre et al., 1997; Mesulam, 2000) during sustained at-
tention explains why these areas did not appear in the
main experiment comparing shifting with sustained
attention. The absence of significant activation of the
frontal eye fields during shifting in comparison to sus-
taining therefore does not contradict earlier studies
revealing frontal eye field activation during shifting
(Corbetta et al., 1998) since those studies compared
shifting to passive fixation rather than sustained at-
tention.

The control experiment also provided an opportunity
to determine the response of superior parietal lobule
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during sustained attention. The right superior parietal
region was not activated during sustained attention,
even at the lowest threshold, both for covert and overt
attention, in comparison to a passive fixation baseline.
On the left side, the superior parietal region was not
activated during sustained attention during overt con-
ditions but there was significant activation during sus-
tained covert attention. Possibly, subjects are unable to
sustain covert attention continuously for more than a
few seconds and attention may shift automatically
back and forth between the fixation point and the stim-
ulus of interest every few seconds.

Activity in the frontal eye fields was not significantly
larger during overt than during covert shifts. This con-
firms earlier neuroimaging reports (Corbetta et al.,
1998; Nobre et al., 2000). This differs from what one
would expect on the basis of monkey electrophysiology
studies: The majority of neurons in the frontal eye
fields show pre- or postsaccadic activity. Some of the
presaccadic neurons also respond to passive visual
stimulation in the absence of saccades (Segraves and
Goldberg, 1987) but less vigorously than when sac-
cades are executed. Behavioral enhancement of visual
responses occurs only when the stimulus will become
the target of a subsequent saccade and not when sac-
cades are prohibited (Goldberg and Bushnell, 1980).
One would therefore expect responses to be stronger
when saccades are actually executed but neuroimaging
studies until now, including the current study, have
not provided evidence for such an effect (Corbetta et al.,
1998; Nobre et al., 2000). This may possibly be due to
effortful fixation during covert peripheral attention ac-
tivating the frontal eye fields.

To conclude, our main finding shows the presence of
a specific superior parietal activation when the location
of an attended object shifts.
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