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We studied the functional organization of human posterior parietal and frontal cortex using functional magnetic resonance imaging
(fMRI) to map preparatory signals for attending, looking, and pointing to a peripheral visual location. The human frontal eye field and
two separate regions in the intraparietal sulcus were similarly recruited in all conditions, suggesting an attentional role that generalizes
across response effectors. However, the preparation of a pointing movement selectively activated a different group of regions, suggesting
a stronger role in motor planning. These regions were lateralized to the left hemisphere, activated by preparation of movements of either
hand, and included the inferior and superior parietal lobule, precuneus, and posterior superior temporal sulcus, plus the dorsal premotor
and anterior cingulate cortex anteriorly. Surface-based registration of macaque cortical areas onto the map of fMRI responses suggests a
relatively good spatial correspondence between human and macaque parietal areas. In contrast, large interspecies differences were noted
in the topography of frontal areas.
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Introduction
The functional organization of human posterior parietal cortex
(PPC) and its relationship to the PPC in the macaque monkey are
primarily unknown. The parietal lobe, as defined by conventional
geographic landmarks, occupies approximately one-fifth of the
total neocortex in both humans and monkeys (Van Essen and
Drury, 1997). However, there is indirect evidence that the PPC in
humans is preferentially expanded compared with monkeys,
given that neighboring occipital visual areas [visual area 1 (V1),
V2, and middle temporal (MT)] in the two species have different
geographic locations; V1 and V2 extend more laterally, and MT is
positioned more dorsally in macaques compared with humans
(Van Essen et al., 2001). This difference may be related to a rela-
tive expansion of the human inferior parietal lobule and to devel-
opment of new cortical fields (e.g., Brodmann 39, 40) (Brod-
mann, 1905; Eidelberg and Galaburda, 1984). Alternatively,
human and macaque PPC may share a similar architectural plan,
but human areas may be relatively enlarged (Van Essen et al.,
2001). The first hypothesis predicts a relative shift in the topo-
graphical position of homologous areas to accommodate the
presence of new areas in humans; the second hypothesis predicts
a good spatial registration of homologous areas in the two spe-
cies. Similar hypotheses can be explored for the frontal cortex
(FC), which is substantially expanded in humans (�36% of neo-
cortex) compared with macaques (�25% of neocortex) (Brod-

mann, 1905; Walker, 1940; Van Essen and Drury, 1997; Petrides
and Pandya, 1999; Van Essen, 2003).

In an initial exploration of these hypotheses, we first studied
the distribution of preparatory signals in human PPC and FC for
“attention,” rapid eye movements (“saccades”), and arm move-
ments (“pointing”) using functional magnetic resonance imag-
ing (fMRI). Then, we compared the human functional maps with
a map of architectonic areas in the macaque brain that was de-
formed to the human cortex using computerized registration of
the cortical surfaces between the two species.

We focused on preparatory signals because different regions
in monkey PPC and FC code for the planning of different types of
movements and for shifts of attention. The lateral intraparietal
area (LIP), located on the lateral bank of the intraparietal sulcus
(IPS), is relatively more active when a monkey prepares to look at
a target rather than reach toward it (Snyder et al., 1997). Con-
versely, a parietal reach region (PRR), located more posteriorly
and medially along the IPS, is more active during the preparation
of a reach movement than an eye movement (Snyder et al., 1997).
Signals that are related to the allocation of spatial attention have
been reported both in eye-related (e.g., LIP) and arm-related
(e.g., PRR) areas, often on the same neurons that show effector-
specific modulations (Colby and Goldberg, 1999; Calton et al.,
2002; Bisley and Goldberg, 2003). Similar distinctions have been
proposed in the monkey frontal lobe. The frontal eye field (FEF)
is involved in the preparation and execution of voluntary and
visually guided saccadic eye movements (Bizzi, 1968; Bruce et al.,
1985), whereas the dorsal premotor area is involved in planning
visually guided reaching movements (Passingham, 1996; Kalaska
et al., 1997; Wise et al., 1997). Attention-related modulations
have been reported both in the FEF (Bruce et al., 1985; Thompson
et al., 1997) and in the dorsal premotor cortex (Di Pellegrino and
Wise, 1993). This functional specialization is supported by recip-

Received Nov. 18, 2002; revised Feb. 26, 2003; accepted March 20, 2003.
This research was supported by National Institutes of Health Grants EY00379, NS06833, and MH60974 (National

Institute of Mental Health, National Science Foundation, National Cancer Institute, National Library of Medicine, and
National Aeronautics and Space Administration) and by the J. S. McDonnell Foundation.

Correspondence should be addressed to Maurizio Corbetta, Department of Neurology, Washington University
School of Medicine, 4525 Scott Avenue, St. Louis, MO 63110. E-mail: mau@npg.wustl.edu.
Copyright © 2003 Society for Neuroscience 0270-6474/03/234689-11$15.00/0

The Journal of Neuroscience, June 1, 2003 • 23(11):4689 – 4699 • 4689



rocal connections that link frontoparietal areas with similar func-
tional properties (Cavada and Goldman-Rakic, 1989; Wise et al.,
1997; Lewis and Van Essen, 2000; Marconi et al., 2001).

On the basis of these functional distinctions, we hypothesized
that human PPC regions, homologous to LIP and PRR areas in
macaque, will be selectively recruited during the preparation of
saccadic eye movements or pointing hand movements, respec-
tively. Moreover, a similar distinction will be observed in the FEF
(for eye movements) and dorsal premotor (for pointing) in fron-
tal cortex. Finally, regions involved in covertly directing attention
to a peripheral location will overlap with regions involved in
saccadic and pointing preparation, because spatial information is
used by both eye- and arm-selection systems to plan a response.

Materials and Methods
Subjects. Fifteen subjects were recruited from the Washington University
(St. Louis, MO) community for experiment 1. Eleven subjects partici-
pated in experiment 2. Informed consent was obtained in accordance
with procedures approved by the local human studies committee. All
subjects were strongly right-handed as measured by the Edinburgh
Handedness Inventory and had normal or corrected-to-normal vision
and normal neurological history.

Apparatus. Stimuli were generated with an Apple G4 Macintosh com-
puter (Apple Computers, Cupertino, CA) using PsyScope 1.2.5 PPC soft-
ware (Carnegie Mellon University, Pittsburgh, PA). In the magnetic res-
onance (MR) scanner, stimuli were projected using an Epson PowerLite
703c liquid crystal display projector (Epson America, Long Beach, CA)
onto a small Plexiglas screen that was positioned within reaching distance
in front of the subject and viewed through a periscope mirror attached to
the head coil. The periscopic mirror did not introduce any distortion or
scaling of the visual field. Eye position was monitored with an ASL 504
(Applied Science Laboratories, Bedford, MA) eye-tracker during both
behavioral and fMRI sessions. During the behavioral session, surface
electromyographic (EMG) activity was recorded from surface electrodes
positioned on the right arm deltoid muscle using a BIOPAC MP100
system (BIOPAC Systems, Santa Barbara, CA).

Task and procedures. A fixation cross-hair was displayed inside a gray
diamond (size, 1.6°) on a black background at all times. A change in the
color of the fixation point from red to green indicated the start of a trial.
Simultaneously, one side of the diamond was brightened for 100 msec
indicating either a left or a right location (cue stimulus). After a random
delay (4.76 –5.86 sec after the offset of the cue in experiment 1; 2.6 –3.7
sec after the offset of the cue in experiment 2), a white asterisk (target)
was flashed for 100 msec at 7.3° to the left or right of fixation. The asterisk
had to be detected in the attention, saccade, and pointing task (see be-
low). The target occurred at the cued location on 73% of the trials (75%
in experiment 2) (valid trial), and at the opposite location on 27% (25%
in experiment 2) of the trials (invalid trial). In the attention condition, a
random digit (1–9) was occasionally presented (not presented, presented
once, or presented twice in a block of trials) instead of the asterisk (see
below). After another interval (0.435–1.535 sec) that yielded a fixed trial
(cue plus test) duration of 6.5 sec (4.33 sec in experiment 2), the fixation
point changed color from green to red to indicate the end of the trial.
Trials were separated by a random intertrial interval (ITI) of 2.16 – 6.49
sec, in which the fixation point remained red. For 21% (20% in experi-
ment 2) of the trials, only the cue stimulus was presented, followed by a
fixed interval of 4.23 sec (2.07 sec in experiment 2) before the start of the
ITI. The presentation of cue-only trials was necessary to separate cue and
target fMRI responses within a trial (Shulman et al., 1999; Ollinger et al.,
2001a,b).

In experiment 1, subjects were studied in separate behavioral and
fMRI sessions. Three different tasks were performed. In the pointing
task, subjects used the cue to prepare a pointing movement with their
right index finger toward the indicated location and maintained this set
during the ensuing delay without moving the hand. In the scanner, the
right hand was positioned in the middle of the abdomen in a relaxed
posture with the index finger extended and all other fingers flexed. The
right shoulder and arm were supported and immobilized with Velcro

straps attached to the scanner bed. When the target was flashed, subjects
pointed as quickly as possible in the direction of the target location (with-
out touching the screen) and then returned to the starting position.
Pointing involved rotation of the wrist without movements of the shoul-
der or the arm. In the behavioral session, subjects sat in front of a com-
puter screen. They rested their index finger on a response key during the
cue period and pointed in the direction of the target location without
touching the screen. Key-press reaction times (RTs) were measured for
valid and invalid trials. In the saccade task, the cue was used to prepare a
saccadic eye movement to the left or right. After the target was flashed,
subjects looked at its location and then quickly looked back at the fixation
point. In the attention task, subjects covertly shifted and maintained
attention to the cued location and returned attention to the center after
the presentation of the target. In the fMRI session, subjects reported how
many times (not at all, once, or twice) a random digit was presented in
the course of a block of trials. This secondary task ensured that subjects
attended to the peripheral target on each trial. Mean accuracy was 97%
correct. In the behavioral session, key-press RTs were measured for valid
and invalid trials. Both EMG activity from the right deltoid muscle and
eye movement position were recorded in all conditions. In the behavioral
session, subjects completed two blocks of 40 trials each for each condi-
tion. In each fMRI session, a subject performed 140 trials per condition,
and the group statistical analysis was based on a total of 2100 trials per
condition (140 trials � 15 subjects). Single subject analyses involved two
scanning sessions (280 trials per condition).

In experiment 2, only the pointing task was run. In different blocks/
scans, subjects used either the left or the right hand. Vision of the hand
was occluded by a modification to the periscopic mirror, and an infrared
video camera was used to monitor the position of the hand and confirm
that no movement had occurred during the cue period. Each subject
performed 210 trials per condition, and the group analysis was based on
2310 trials per condition (210 trials � 11 subjects).

fMRI scan acquisition and data analysis. A Siemens whole-body 1.5 T
Vision MRI scanner (Siemens AG, Munich, Germany) and asymmetric
spin-echo, echoplanar sequence were used to measure blood oxygen-
ation level-dependent (BOLD) contrast over the entire brain [repetition
time (TR), 2.165 sec; echo time (TE), 37 msec; flip angle, 90°; 16 contig-
uous 8 mm axial slices, 3.75 � 3.75 mm in-plane resolution]. Anatomical
images were acquired using a sagittal magnetization-prepared rapid ac-
quisition gradient echo (MP-RAGE) sequence (TR, 97 msec; TE, 4 msec;
flip angle, 12°; inversion time, 300 msec). Functional data were realigned
within and across scanning runs to correct for head motion using an eight
parameter (rigid body plus in-plane stretch) crossmodal registration
similar to the method described by Andersson et al. (1995). A whole-
brain normalization factor was applied to each scan to correct for
changes in signal intensity between scans. Differences in the time of
acquisition of each slice within a frame were compensated by sinc inter-
polation. For each subject, an atlas transformation (Talairach and Tour-
noux, 1988) was computed on the basis of an average of the first frame of
each functional run and MP-RAGE structural images to the atlas repre-
sentative target using a 12 parameter general affine transformation.
Functional data were interpolated to 2 mm cubic voxels in atlas space.
The atlas representative MP-RAGE target brain (711–2B) was produced
by mutual coregistration (12 parameter affine transformations) of im-
ages obtained in 12 normal subjects (Snyder, 1995). The BOLD signal in
each subject was analyzed with a “within-trial” linear regression model
that estimated separate time courses during the cue and test periods for
each trial type, without assuming a shape for the hemodynamic response
(Ollinger et al., 2001a). The model included terms on each scanning run
for an intercept, linear trend, and temporal high-pass filter with a cutoff
frequency of 0.009 Hz. Time courses from the within-trial model were
put into atlas space using the atlas transformation. Group analyses
were conducted using voxel-wise random-effect ANOVAs. Subjects were
treated as a random effect so that all results generalized across the pop-
ulation. Correlations across time points were corrected by adjusting the
degrees of freedom (Ollinger and McAvoy, 2000). Statistical images were
corrected for multiple comparisons over the entire brain ( p � 0.05),
using a magnitude threshold derived from Monte-Carlo simulations that
takes into account the number of contiguous activated voxels (Forman et
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al., 1995). Coordinates of each cluster of activation were identified by an
automated algorithm that searched for local maxima and minima (Min-
tun et al., 1989). Individual subject analyses were based on a cross-
correlation of the estimated BOLD response in each voxel with an as-
sumed hemodynamic response function, calculated by convolving a
delayed gamma function (Boynton et al., 1996) with a rectangular func-
tion of the event duration (e.g., cue period duration, 4.32 sec). In ex-
periment 1, within-subject ANOVAs were run during the cue period
with MR frame (1– 8), task (pointing, saccade, and attention), and cue
direction (left and right) as factors. During the target period, separate
ANOVAs were run with MR frame (1– 8), task (pointing, saccade, and
attention), target visual field (left and right), and target validity (valid and
invalid) as factors. In experiment 2, the factor task included only two
levels (left hand, right hand).

Visualization of fMRI data and surface-based registration of macaque
and human atlases. To facilitate visualization of results and the compar-
ison across species, the group-averaged functional data were mapped to
the Human Colin surface-based atlas (Van Essen et al., 2002; Van Essen,
2003). This atlas includes a high-resolution structural MRI volume of an
individual brain (Holmes et al., 1998) that was registered using the
method of Snyder (1995) to the representative MP-RAGE target brain
(711–2B) used for the atlas transformation (see above). A surface recon-
struction of the left and right hemisphere of the Human Colin brain was
generated using the SureFit segmentation method (Van Essen et al.,
2001). Functional data were mapped onto the Human Colin atlas brain
(three-dimensional and surface) by assigning each surface node the
z-score value associated with the voxel in which it resides.

The pattern of cortical convolutions in the Colin atlas brain lies well
within the range of normal variability according to the following criteria.
(1) The pattern of major sulci in the Colin left and right hemispheres is
within the range that occurs commonly in the atlas of 25 brains described
by Ono et al. (1990). (2) After atlas registration, the Colin left and right
hemispheres were compared with the atlas average brain that we use as
the target for the Talairach transformation (711–2B). There was good
correspondence in the location of major sulci (including the calcarine,
postcentral, central, superior frontal, and superior temporal sulci plus
the Sylvian fissure) in the Colin brain and the corresponding (although
fuzzier) sulci in the average atlas brain. As an example, the average loca-
tion of the intersection of the left superior frontal sulcus and precentral
sulcus was �25, �13, 52 (x, y, z) in Colin and �25, �13, 52 in 711–2B;
the midpoint of the right postcentral sulcus was 41, �31, 46 in Colin and
47, �31, 46 in 711–2B; the midpoint of the left central sulcus was �35,
�33, 56 in Colin and �33, �29, 56 in 711–2B. (3) The Colin left and
right hemispheres were also compared with the average brain obtained
by averaging the individual brains of the subjects participating in this
experiment after atlas transformation (to the target 711–2B). Once again,
we found good correspondence in the location of major sulci (central,
postcentral, superior frontal, precentral, and intraparietal) and in the
location of functional regions in relation to anatomical landmarks.

Surface-based registration of the macaque and human cortex was
achieved by first drawing landmarks on cortical flat maps of each hemi-
sphere of the macaque and human surface-based atlases (Van Essen,
2002, 2003) (available at http://brainmap.wustl.edu/caret/). These land-
marks, chosen to reflect likely homologous domains, include the fundus
of the central sulcus (near the boundary between somatosensory and
motor cortex), the fundus of the Sylvian fissure (near the boundary be-
tween somatosensory and auditory cortex), the frontal pole, the bound-
aries of V1, V2, and MT� as described by Van Essen and colleagues (Van
Essen et al., 2001; Van Essen, 2003), and the boundaries of neocortex
along the medial wall. To avoid confounds associated with artificial cuts
on the flat maps, the landmarks were first projected to macaque and
human spherical maps, the registration was applied to the spherical
maps, and the deformed visual areas were then projected onto the in-
flated hemisphere used in the illustrations (available at http://brainmap.
wustl.edu/caret/). The macaque map (before and after deformation) in-
cludes the Lewis and Van Essen (2000) partitioning scheme.

Results
In a behavioral session, we measured the efficacy of the central
cue in speeding the response to a target at the attended location.
Reaction times were faster to valid targets than invalid targets,
both during pointing (388 vs 423 msec; t(14) � �4.28; p � 0.001)
and attention (301 vs 332 msec; t(14) � �4.86; p � 0.0001).
Central fixation measured with an infrared eye tracker was simi-
lar during the cue period in all three conditions and during the
target period in attention and pointing tasks. There was no dif-
ferential EMG activity from the arm across tasks during the cue
period or in the saccade and attention tasks during the target
period.

We monitored eye position in the fMRI session. The results
from the analyses of all 15 subjects were confirmed in subanalyses
on the 11 subjects with acceptable eye movement records that
included only trials in which accurate fixation (�1.5°) was
maintained.

We first considered the relationship between attention and
saccade conditions during the cue period. Figure 1, A and B,
shows statistical maps of the group fMRI signal during the cue
period for the attention and saccade tasks, respectively, displayed
on an inflated surface of the left hemisphere of an atlas brain
(Van Essen et al., 2001) (Table 1S, supplemental material, avail-
able at www.jneurosci.org). In both tasks, cue-related signals
were observed bilaterally in the occipital cortex, in the PPC along
the horizontal segment of the IPS [anterior IPS (aIPS) and pos-
terior IPS (pIPS)], and in the frontal cortex at the junction of the
precentral and superior frontal sulcus [putative human FEF
(hFEF)]. The BOLD response in the occipital cortex was tran-
sient, reflecting a sensory response to the cue (data not shown);
conversely, the response in the IPS and FEF was sustained in both
tasks throughout the delay period (Fig. 1A,B) (time courses sac-
cade vs attention). In previous work, we have shown that sus-
tained responses in the IPS and FEF correlate with encoding and
maintenance of a spatial cue (Corbetta et al., 2000). An interac-
tion map of the two tasks (Fig. 1D, Table 1S) revealed only a small
region in the left anterior precuneus (aPCu) (x, y, z � �3, �51,
58) that was more strongly active during attention than eye
movement preparation. This region is close to one reported ex-
clusively for shifting attention (x, y, z � �4, �52, 52) (Simon et
al., 2002). Hence, PPC and frontal response were primarily sim-
ilar during attention and saccade tasks.

Next, we considered whether preparing a pointing response
involved a distinct functional network. Figure 1C shows areas of
activation during pointing preparation. Intraparietal (aIPS,
pIPS) regions that were active during attention and eye move-
ment preparation were also recruited during pointing prepara-
tion. These responses were generally larger during pointing than
attention (nonsignificantly, Table 1S) and saccade (significantly,
Table 1S) tasks. Surprisingly, we also observed preparatory re-
sponses during pointing in the FEF, an area traditionally associ-
ated with oculomotor preparation (see maps and time courses in
Fig. 1A–C; Table 1S). Finally, a larger extent of PPC and frontal
cortex were recruited exclusively during pointing preparation
(Fig. 1C,E, Table 1S). The interaction map between the pointing
and saccade tasks (Fig. 1E and time courses) shows stronger sig-
nals for pointing preparation in a region on the lip of the inferior
parietal lobule (IPL/aIPS), a cluster in the superior parietal lobule
(SPL) extending medially into the precuneus (PCu) and poste-
rior cingulate, regions within the angular gyrus (AG) and supra-
marginal gyrus (SMG) and the middle segment of the superior

Astafiev et al. • Functional Organization of Human Intraparietal and Frontal Cortex J. Neurosci., June 1, 2003 • 23(11):4689 – 4699 • 4691



temporal sulcus (STS-mid), and in frontal cortex the dorsal pre-
central gyrus and the anterior cingulate. All of these regions were
located in the left hemisphere contralateral to the responding
hand. Finally, we compared pointing versus attention and found
a pattern similar to that observed for pointing versus saccade

(Table 1S), except in the SPL and precuneus, in which the re-
sponse for covertly directing attention was similar to the one for
pointing preparation. Analogous results were obtained when we
directly compared the three conditions (attention, saccade,
pointing) in a three-way analysis (data not shown).

Figure 1. BOLD responses on inflated surface of the left hemisphere of the Colin brain (Van Essen et al., 2001). The Front plane indicates the dorsolateral view of left hemisphere; the back plane gives the
medial view. Color scale indicates z-scores. Cue period is as follows: A, Group-average ANOVA F-map, transformed to z-map and multiple-comparison corrected (F( z)mc) during covert attention. B, Preparation
of saccadic eye movement. C, Preparation of pointing movement with right hand. Graphics indicate group-average BOLD time courses averaged over cue direction during attention (blue), saccade (green), and
pointing (red). The y-axis indicates the percentage BOLD signal change, whereas the x-axis indicates time (in seconds). D, Differential activation during attention versus saccade preparation. E, Differential
activation during saccade versus pointing preparation. Target period is as follows: F, Group-average BOLD time courses, averaged over cue and target direction, extracted over the entire trial (the black arrow
shows the time of cue onset, and the black arrow with mark shows the time of target onset, indicating the temporal window of stimulus presentation) in FEF, aIPS, PCu, and IPL/aIPS. G, Group-average F( z)mc
map during attention plus target detection. H, Saccade plus target detection. I, Pointing plus target detection. L, Left; Calc.S, calcarine sulcus. The asterisk indicates that there were no active voxels in the left FEF
after multiple-comparison correction. The FEF response during the attention task can be seen in Figure 3B. Data sets are available at http://pulvinar.wustl.edu:8081/sums/archivelist.do?archive_id�315115.
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The preparatory regions defined from the cue period also re-
sponded during the target period to the detection of the target
and its localization by eye or hand movements (Fig. 1G–I). Figure
1F shows the BOLD signal time course over an entire trial in four
regions that showed preparatory signals during the cue period.
The first peak is the response to the cue (Fig. 1F, black arrow, time
axis), the sustained part of the response corresponds to the delay
period, and the second peak corresponds to the detection/local-
ization of the target (black arrow with mark). Anterior IPS and
FEF regions, commonly active for attention and eye movement
preparation, were more strongly active during the target period
when subjects looked at the target location (saccade) than when
they covertly detected the target (attention) (left FEF, �29, �11,
50, p � 0.0001; left aIPS, �31, �51, 46, p � 0.0008) (Fig. 1F, blue
and green lines). The FEF showed a stronger response during the
execution of a pointing movement than a saccade (left FEF, p �
0.0001; right FEF, p � 0.0008). Some regions that were specifi-
cally recruited during pointing preparation remained more
strongly active during pointing than saccadic eye movements in
the target period (Fig. 1F) (left IPL/aIPS, p � 0.0001; left SMG,
p � 0.0001). However, other regions did not show a differential
response (Fig. 1F, left PCu, AG, STS-mid).

To localize the anatomical position of functional regions in
the PPC and FC more precisely during saccadic and pointing
preparation, we analyzed individual data in three subjects who
were tested in a second session to double the number of trials.
Figure 2 shows selected slices through the PPC and dorsal FC in a
representative subject. As in the group analysis, the location of
the FEF fell at the intersection of the superior frontal and precen-
tral sulcus; its response was similar for the preparation of sac-
cades and hand pointing (Fig. 2, FEF time course). The PPC
response was within the posterior IPS and was not significantly
different for saccades and pointing (Fig. 2, pIPS time course).

However, a region in the superior parietal
lobule-precuneus was uniquely active dur-
ing pointing (Fig. 2, PrCu time course).
Other regions that were significantly more
active during pointing preparation were
the angular gyrus, left supramarginal gy-
rus, left dorsal precentral gyrus, and supe-
rior temporal sulcus. Importantly, these
responses were all in the left hemisphere
contralateral to the responding right hand
in contrast to the bilateral FEF/IPS
activation.

A critical question is whether left hemi-
sphere regions that were recruited during
the preparation of right-hand pointing
movements are involved in the prepara-
tion of contralateral responses, or whether
they are involved in preparing movements
with either hand. Damage to the left pari-
etal and frontal lobe in humans is known
to cause bilateral deficits in planning com-
plex hand or limb movements (apraxia)
(Geschwind, 1975). To answer this ques-
tion, 11 additional subjects prepared and
executed pointing movements to visual
targets with either the left or the right hand
in different scans. None of the arm-
specific preparatory regions in experiment
1 were affected by switching the hand used
to respond. A voxel-wise ANOVA indi-

cated that only a left IPL/aIPS focus showed a significantly stron-
ger response for left-hand (ipsilateral) pointing preparation (x, y,
z � �25, �51, 38; p � 0.0001). During the target period, only
two of the preparatory regions from experiment 1 (left dorsal
precentral gyrus, p � 0.0049; left SMG, p � 0.018) showed a
significantly stronger response for right- versus left-hand point-
ing. In contrast, activations of the primary sensory-motor cortex
and anterior cerebellum were contralateral and ipsilateral, re-
spectively, to the hand used to point. These findings indicate that
the response of these left-lateralized frontal and parietal regions is
independent of the arm used to respond both during movement
planning and during movement execution.

To compare these patterns of activation with the arrangement
of cortical visual areas in the macaque, we registered the left
hemisphere of a macaque atlas brain onto the left hemisphere of
a human atlas brain, using a landmark-based surface matching
method of Van Essen et al. (2001). This procedure allowed us to
compare the parietal and frontal regions showing preparatory
responses with an architectonic partitioning scheme of anatom-
ical areas in monkey PPC developed by Lewis and Van Essen
(2000). The interpretation of any set of results strongly depends
on the assumptions used to register the human and macaque
cortical surfaces. In this study, none of the landmarks used in the
deformation were near the IPS or FEF, and none of the fMRI
responses were used to constrain the deformation. This particu-
lar choice of landmarks yields a sensible registration of human
and macaque extrastriate visual areas in the ventral occipital and
temporal cortex (Van Essen, 2003).

Figure 3A shows the anatomical areas in the macaque, and
Figure 3B shows the same macaque areas warped onto a corre-
sponding view of the human left hemisphere. The intraparietal
complex, including the LIP and ventral visual intraparietal area
(VIP), is shown in yellow. The FEF (area 8) is red.

Figure 2. Selected transverse brain slices (Z � 48) during cue and target periods for pointing and saccade tasks in a represen-
tative subject. T-maps were transformed to z-maps. BOLD time courses, averaged over cue direction, were extracted from the left
FEF, PCu, and pIPS.
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Figure 3D shows that preparatory activity for saccadic eye
movements is distributed in an elongated crescent that falls
within the deformed intraparietal visual complex (LIP, VIP) and
maps within deformed area VIP on the medial bank of the IPS. In
the macaque, preparatory activity for saccades is typically found
on the lateral bank of the IPS within the LIP (Gnadt and
Andersen, 1988; Snyder et al., 1997; Colby and Goldberg, 1999).
The vector distance between the fMRI response for saccadic prep-
aration and the center of the deformed LIP is �7 mm (Table 1).
In the frontal lobe, the human FEF response for saccade prepa-
ration falls within deformed macaque area 4; this human re-
sponse is displaced �4 cm posterior to the location of the de-
formed macaque FEF (mFEF) in the area 8 complex (Table 1).

Figure 3C shows that covert attention activated a similar patch

of cortex in the intraparietal complex (deformed areas VIP/LIP),
a more dorsal and medial cluster in the SPL within the deformed
medial intraparietal area (MIP) and the human FEF. Finally,
pointing preparation (Fig. 3E) activated the intraparietal com-
plex in a more widespread manner, with responses localized both
on the medial and on the lateral side of the IPS, extending onto
the lip of the supramarginal gyrus. Pointing also activated a more
dorsal and medial swath in the SPL (Fig. 3E) that extended across
deformed areas medial dorsal parietal area (MDP), MIP, parietal-
occipital (PO), 5D, and 31 [anterior to deformed area V6A of
Galetti et al. (1999)] (Fig. 1, supplemental material, available at
www.jneurosci.org). In the frontal cortex, pointing preparation
recruited the human FEF and dorsal precentral gyrus that corre-
sponds to the human dorsal premotor area (Colebatch et al.,
1991; Grafton et al., 1996; Connolly et al., 2000; Thoenissen et al.,
2002). The dorsal precentral gyrus response maps in deformed
area 4 and is displaced �3 cm posterior from the deformed ma-
caque dorsal premotor areas in area 6 (Table 1).

A convenient way to visualize regions of convergent or diver-
gent activation is to project preparatory BOLD responses for all
three conditions on the same atlas brain. Figure 4A shows a dor-
sal view of the inflated surface of the left hemisphere of an atlas
brain (Van Essen, 2002) on which group average preparatory
signals for attention (blue), saccadic (green), and pointing (red)
movements were projected. Regions of convergence between two
conditions are indicated by intermediate colors (yellow, pointing
and saccades; magenta, pointing and attention; light blue, atten-
tion and saccades); regions of convergence among three condi-
tions are shown in white. The borders of the deformed macaque
visual intraparietal complex (LIP/VIP) and the FEF area 8 com-
plex are shown in black. Figure 4B shows the flat map of the same
left hemisphere.

We found two regions of convergence among all three condi-
tions in the IPS (anterior and posterior) within the deformed
visual intraparietal complex and one in the FEF at the intersection

Figure 3. A, Macaque brain with anatomical areas (Lewis and Van Essen, 2000). B, Deformation and mapping of macaque areas onto a human atlas brain (left hemispheres, dorsal views) using
surface-based registration. Red indicates the FEF (area 8), purple indicates motor areas (area 4), green indicates somatosensory areas (AIP, areas 5D and 3A), and yellow indicates visual parietal areas
(LIP, VIP); the lines in each area define the LIP (dorsal and ventral) within the lateral intraparietal complex and VIP subdivisions (medial and lateral) within the ventral intraparietal area. Brown
indicates other parietal areas (area 7A, PO), dark red indicates the MT, and blue indicates V4. C, Group-average ANOVA F( z) map, averaged over cue direction for attention. Black borders indicate
deformed macaque visual areas painted in Figure 4 A. D, F( z) map during saccade preparation. E, F( z) map during pointing preparation. Labels in italic indicate the anatomical landmarks.
Abbreviations include anatomical locations in the human brain and a deformed area in the monkey (in parentheses): sfs, Superior frontal sulcus; cs, central sulcus; PrCeG, precentral gyrus; PMd,
premotor dorsal. Data sets are available at http://pulvinar.wustl.edu:8081/sums/archivelist.do?archive_id � 315115.

Table 1. Displacement in vector distance

	VD � �	x1 � x2)2 � (y1 � y2)2 � (z1�z2)2)

between the PPC and frontal fMRI responses and monkey areas

X Y Z VD

Parietal-occipital cortex
aIPS �31 �49 51
pIPS �30 �61 49
aLIP �36 �54 50
pLIP �32 �58 39
aIPS-aLIP 5 5 1 7.1
pIPS-pLIP 2 3 10 10.6

Frontal cortex
mFEF �27 30 37
hFEF �27 �9 49
mFEF– hFEF 0 39 12 40.8
PrCeG �40 �9 52
6 dorso-caudal �20 8 66
6 dorso-rostral �16 20 51
PrCeG-6DC 20 17 14 29.7
PrCeG-6DR 24 29 1 37.7

4694 • J. Neurosci., June 1, 2003 • 23(11):4689 – 4699 Astafiev et al. • Functional Organization of Human Intraparietal and Frontal Cortex



of the precentral and superior frontal sulcus. The SPL (deformed
area MIP) was active for both attention and pointing (Fig. 4A,B)

Figure 4C shows that the regions of common activation are
adjacent to cortical regions active in a separate group of subjects
in experiments that isolate preparatory signals for direction of
motion (Shulman et al., 2002) (Fig. 4C, blue). The retinotopically
organized parietal area reported by Sereno et al. (2001) is cen-

tered nearby in the deformed VIP. The re-
cent IPS region recruited during the prep-
aration of prosaccades and antisaccades
also plots within the deformed VIP (Con-
nolly et al., 2002). A putative human ho-
molog of VIP lies more anterior in corre-
spondence of the anterior intraparietal
(AIP) region (Fig. 4D) (Bremmer et al.,
2001).

Figure 4D compares the regions specif-
ically recruited during pointing prepara-
tion with a nearby region at the intersec-
tion of the anterior IPS and postcentral
sulcus (yellow; average coordinate x, y, z,
�40, �40, 41) that is active during tasks
that require grasping, manipulation, vi-
sion, or imagination of three-dimensional
objects, visual and/or haptic (for review,
see Binkofski et al., 1999; Grefkes et al.,
2002). Lesions involving this more ante-
rior region produce relatively greater defi-
cits for grasping than reaching (Binkofski
et al., 1998). This region has been pro-
posed to be the human homolog of the AIP
area identified in macaque by Sakata et al.
(1995); deformed macaque AIP indeed
maps anterior to the LIP/VIP complex.

Discussion
Our fMRI results suggest, contrary to our
original hypotheses, that human PPC and
FC contain several regions that code pre-
paratory signals for spatial location inde-
pendently of the effector used for the re-
sponse (eye, arm). However, we also found
regions for which activity was more closely
related to the planning of pointing hand
movements. For the particular landmarks
chosen in this study, we found a higher
spatial correspondence in the PPC be-
tween human fMRI responses and de-
formed anatomical areas in the macaque
than in the frontal lobe, where large devi-
ations were observed in the position of pu-
tatively homologous areas.

Effector-independent preparatory
spatial responses in IPS and FEF
The anatomical overlap of IPS and FEF re-
sponses during spatial attention and eye
movements was noted previously in
blocked fMRI studies that averaged prepa-
ratory, visual, and motor-related activity
(Corbetta et al., 1998; Nobre et al., 2000),
but the present study is the first to show
overlap of preparatory signals for saccades
and covert spatial attention. A behavioral

implication of this result is that spatial attention shifts are akin to
the preparation of a saccadic eye movement, as suggested by a
large body of psychophysical literature (Shepherd et al., 1986;
Rizzolatti et al., 1987; Chelazzi et al., 1995; Hoffman and Subra-
maniam, 1995).

A novel and more surprising result was the recruitment of

Figure 4. Overlap of preparatory signals for attention (blue), saccade (green), and pointing (red). Regions of overlap are
shown: White indicates all conditions, teal indicates attention/saccade, magenta indicates attention/pointing, and yellow indi-
cates saccade/pointing. A, Left hemisphere, dorsal view. B, Flattened representation of the left hemisphere. C, Effector-
independent regions (i.e., overlap of preparatory signals for attention, saccade, and pointing preparation from Fig. 4 A, B, yellow);
foci of attention to motion direction from Shulman et al. (2002) are in blue. The retinotopically specific parietal area according to
Sereno et al. (2001) is shown in red. The IPS area for preparation of saccadic eye movements described by Connolly et al. (2002) is
shown in green. D, Hand-specific regions: responses for pointing preparation after subtraction of attention and saccade prepara-
tion from Figure 4 A (red); the coordinate of putative AIP averaged over several AIP human studies is shown in yellow (for review,
see Binkofski et al., 1999; Grefkes et al., 2002). sfs, Superior frontal sulcus; cs, central sulcus; PoCS, postcentral sulcus; PrCeG,
precentral gyrus; PMd, premotor dorsal.
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putative human FEF and IPS during pointing preparation and
execution, insofar as these areas are traditionally considered oc-
ulomotor or attentional fields. Eye movement recordings in the
scanner showed that subjects did not move their eyes during
preparation or execution of pointing movements. It is also un-
likely that fixation was more effortful while preparing an arm
movement than an eye movement or a covert shift of attention.
Our results are consistent with previous fMRI experiments that
reported common activity in the IPS and FEF for visually guided
saccades and pointing movements without separating prepara-
tion from execution (Connolly et al., 2000; Simon et al., 2002).
The recruitment of IPS and FEF for pointing may seem to con-
tradict previous single-unit studies that drew a strong distinction
between areas involved in eye movements and attention (e.g.,
LIP, FEF) and regions involved in reaching (e.g., PRR) (Snyder et
al., 1997). However, more recent studies have shown that neu-
rons in the FEF (Lawrence and Snyder, 2002), and also in the LIP
(Larry Snyder, personal communication), are recruited during
the preparation and execution of visually guided reaching move-
ments. Furthermore, whereas LIP and FEF neurons combine spa-
tial and effector signals linearly, PRR neurons add them supralin-
early during reaching (Dickinson et al., 2002). This suggests that
the LIP and FEF code spatial locations in a more abstract
(effector-independent) way than PRR, where the activity is more
closely related to planning of arm movements.

The common recruitment, independent of response demands
or type of effector, in the human IPS, macaque LIP, and FEF in
both species is consistent with the view that neural signals in these
regions are in part effector independent. The BOLD signal in
these areas, which was sustained throughout the memory delay
(�5 sec), may reflect the generation and maintenance of an at-
tentional or memory signal coding the relevant spatial location,
consistent with our hypothesis that these frontoparietal areas are
attentional in nature and maintain an active representation of
task-relevant information (Corbetta and Shulman, 2002). Alter-
nately, this activity may reflect the use in all three tasks of in-
tended eye-position signals to calculate the location of the at-
tended target (Andersen et al., 1990; Duhamel et al., 1992; Batista
et al., 1999). Eye position signals modulate BOLD responses in
the IPS during reaching (DeSouza et al., 2000).

Pointing-specific spatial responses in left posterior parietal
and frontal cortex
Pointing preparation recruited a larger number of regions than
saccadic preparation or covert attention in the lateral and medial
PPC and FC. This more widespread cortical recruitment may be
related not just to the effector selected (arm rather than eye) but
also to the more complex coordinate transformation necessary to
plan a pointing movement (from a retinotopic to an arm-
centered frame of reference). Experiments that have manipulated
coordinate transformations or the integration of retinotopic, eye,
and arm position signals have observed signal modulations in
PPC (Clower et al., 1996; DeSouza et al., 2000).

Pointing-specific preparatory responses were lateralized to
the left hemisphere for both contralateral and ipsilateral move-
ments. In contrast, the primary sensory-motor cortex switched
with the hand used to point. These findings are consistent with
the evidence that damage to the left inferior parietal lobule and
frontal cortex causes spatial and temporal errors in planning bi-
lateral voluntary movements or in the repetition of observed se-
quences or gestures (ideomotor apraxia) (Geschwind, 1975;
Freund, 2001; Koski et al., 2002).

A cluster of pointing-specific activity involved a swath of tis-

sue that extended from the SPL to the precuneus. Damage to the
SPL causes optic ataxia in humans, a syndrome characterized by
the inability to point precisely to visual targets (Perenin and
Vighetto, 1988). Although responses in the SPL and precuneus
have been reported previously during reaching and pointing
(Kawashima et al., 1995; Grafton et al., 1996; Connolly et al.,
2000; Simon et al., 2002), this is the first study to isolate prepara-
tory activity. Based on the registration of cortical surfaces, we
propose below that this region may partly correspond to the PRR
in the macaque. This homology is suggested by the presence of
arm-specific preparatory and motor activity as well as smaller but
significant activity during saccadic eye movements (Fig. 1F).
Similar signals have been recorded in the PRR (Snyder et al.,
2000). Finally, we observed spatial attention responses in the SPL
(Figs. 3C, 4A,B) consistent with the presence of pure spatial sig-
nals in the PRR in the absence of effector information (Calton et
al., 2002).

A second left inferior parietal lobule cluster (mean coordinate,
�37, �49, 46) was recruited during pointing preparation but not
spatial attention. The lack of spatial attention signals may indi-
cate that this region is more motor-related than the SPL/precu-
neus. This functional region is separate from putative human AIP
(mean coordinate, �40, �40, 41) (for review, see Binkofski et al.,
1999; Grefkes et al., 2002), a region active during grasping and
vision of three-dimensional objects that maps onto deformed
macaque AIP (Fig. 4D). The lack of an AIP response probably
reflects the fact that pointing does not involve complex hand
movements.

Finally, the dorsal precentral gyrus corresponds to the dorsal
premotor area, which is involved in preparatory set for finger and
upper limb movements (Kurata, 1993; Schluter et al., 1998; Toni
et al., 1999; Thoenissen et al., 2002). The anterior cingulate region
corresponds to the cingulate motor areas that are closely con-
nected with the dorsal and medial parietal lobe and involved in
motor planning (Strick, 1988; Marconi et al., 2001)

Macaque– human comparison
Surface-based brain registration provides a general strategy for
comparing cortical organization between species and evaluating
candidate area homologies (Van Essen et al., 2001; Van Essen,
2003).

Our results suggest that humans and macaques share a more
similar functional organization in the IPS than frontal cortex,
insofar as the alignment of putatively homologous areas is con-
cerned. Good correspondence between functional human re-
gions and deformed macaque areas (e.g., IPS or SPL) is consistent
with a common evolutionary plan coupled with a relatively uni-
form scaling of area sizes. In regions in which the correspondence
is poor (e.g., FEF), multiple alternatives can be considered: dif-
ferential expansion or contraction of some areas compared with
others, divergence in the function of areas having a common
evolutionary origin, emergence of entirely new areas and/or dis-
appearance of others, and (most radically) overt transposition of
cortical areas that alter their topological arrangement with
neighbors.

The homologies proposed below are based on (1) the similar-
ity between the human fMRI responses and the functional prop-
erties of neurons in anatomically defined macaque areas and (2)
the registration of cortical surfaces. These homologies are provi-
sional. More refined comparisons will emerge from direct inter-
species comparisons of fMRI activation patterns using similar
behavioral paradigms (Vanduffel et al., 2001; Nakahara et al.,
2002).
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Two regions within the IPS (aIPS and pIPS) showed robust
preparatory signals for saccades and attention, a prominent char-
acteristic of LIP neurons (Gnadt and Andersen, 1988; Colby et al.,
1996; Snyder et al., 1997), and notably, also for pointing. Both
regions mapped to the deformed VIP/LIP complex (Figs. 3A–E,
4A). Several factors might account for the modest mismatch be-
tween these foci and the center of the LIP (�7 mm; Table 1): a
genuine difference in the detailed topography of cortical areas
within the human IPS, poor spatial resolution of the fMRI re-
sponses, anatomical variability attributable to intersubject aver-
aging, or errors in the surface registration algorithm. In other
studies, functional regions putatively homologous to LIP also fall
on the medial wall of the IPS (Fig. 4C) (Corbetta et al., 1998, 2000;
Sereno et al., 2001; Connolly et al., 2002).

Responses for attending to motion stimuli (Shulman et al.,
2002) lie medial to the region for spatial attention and saccades
(Fig. 4C) and may mark the location of human VIP. In the ma-
caque, VIP neurons are strongly modulated by attention to mo-
tion (Cook and Maunsell, 2002). The response during pointing
preparation in the lateral IPS and inferior parietal lobule (Figs.
3E, 4D) may include parts of human 7A, an area that lies lateral to
the LIP and contains neurons that fire before and during the
execution of visually guided reaching movements (Mountcastle
et al., 1975; Hyvarinen and Shelepin, 1979).

The topological relationship between effector-independent
regions in the IPS and pointing-specific regions in the SPL/pre-
cuneus resembles the spatial arrangement of the LIP and PRR in
the macaque (Rushworth et al., 2001). Activity for pointing prep-
aration was mapped to several areas, including deformed the
MIP, MDP, 5D, PO, and 31. Macaque MIP is part of the PRR
(Colby and Duhamel, 1991; Calton et al., 2002). Other dorsome-
dial parietal areas (deformed MDP, 5D, and PO) are reciprocally
connected in the macaque with dorsomedial frontal areas (dorsal
premotor and anterior cingulate), which were also active for
pointing preparation and form a specialized network for the co-
ordinate transformation of peripheral visual information into
reaching plans (Wise et al., 1997; Battaglia-Mayer et al., 2001;
Marconi et al., 2001). An important caveat for our proposed
homologies is that we studied finger-pointing movements in hu-
mans, whereas monkeys are usually studied during reaching
movements.

Good spatial registration in the IPS and SPL/precuneus may
be related to the conservation of basic attentional and visuomo-
tor (saccades, reaching) processes in the course of evolution. Spe-
cies differences (e.g., the medial displacement of LIP) may reflect
the expansion of the left inferior parietal lobule, where human
responses for phonology and calculation (Simon et al., 2002) may
not have a counterpart in the macaque, and where hemispheric
asymmetries have been demonstrated (Eidelberg and Galaburda,
1984).

In contrast to the relatively good alignment of human and
monkey PPC, we found large deviations in the topography of
putatively homologous areas in the frontal lobe (Fig. 4). For ex-
ample, putative human FEF lies at the intersection of the superior
frontal and precentral sulcus (Paus, 1996; Petit et al., 1997; Cor-
betta et al., 1998; Luna et al., 1998) and was displaced �4 cm
posterior from the deformed macaque area 8 FEF complex (Fig.
3D). Similarly, the position of the macaque dorsal premotor area
in area 6 is displaced �3 cm anterior from the human dorsal
premotor area on the precentral gyrus.

Interestingly, both the monkey and human FEF lie near sulci
that are oriented in a quasi-T intersection (arcuate and principa-
lis sulci in the macaque; precentral and superior frontal sulci in

humans). This may indicate that the larger shift in the topograph-
ical position of dorsal frontal areas is consistent with an emer-
gence or expansion of prefrontal representations supporting the
repertoire of cognitive, social, and emotional behaviors that char-
acterize the human mind.
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