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Schluppeck, Denis, Paul Glimcher, and David J. Heeger. Topo-
graphic organization for delayed saccades in human posterior parietal
cortex. J Neurophysiol 94: 1372–1384, 2005. First published April 7,
2005; doi:10.1152/jn.01290.2004. Posterior parietal cortex (PPC) is
thought to play a critical role in decision making, sensory attention,
motor intention, and/or working memory. Research on the PPC in
non-human primates has focused on the lateral intraparietal area (LIP)
in the intraparietal sulcus (IPS). Neurons in LIP respond after the
onset of visual targets, just before saccades to those targets, and
during the delay period in between. To study the function of posterior
parietal cortex in humans, it will be crucial to have a routine and
reliable method for localizing specific parietal areas in individual
subjects. Here, we show that human PPC contains at least two
topographically organized regions, which are candidates for the hu-
man homologue of LIP. We mapped the topographic organization of
human PPC for delayed (memory guided) saccades using fMRI.
Subjects were instructed to fixate centrally while a peripheral target
was briefly presented. After a further 3-s delay, subjects made a
saccade to the remembered target location followed by a saccade back
to fixation and a 1-s inter-trial interval. Targets appeared at successive
locations “around the clock” (same eccentricity, �30° angular steps),
to produce a traveling wave of activity in areas that are topographi-
cally organized. PPC exhibited topographic organization for delayed
saccades. We defined two areas in each hemisphere that contained
topographic maps of the contra-lateral visual field. These two areas
were immediately rostral to V7 as defined by standard retinotopic
mapping. The two areas were separated from each other and from V7
by reversals in visual field orientation. However, we leave open the
possibility that these two areas will be further subdivided in future
studies. Our results demonstrate that topographic maps tile the cortex
continuously from V1 well into PPC.

I N T R O D U C T I O N

Early studies of posterior parietal cortex (PPC) described
attention-related (Robinson et al. 1978) and movement-related
(Mountcastle et al. 1975) responses for this region of the brain.
More recently, a role in decision making has been proposed
(Glimcher 2003). These opposing views continue to be debated
today. For an overview, see, e.g., Colby and Goldberg (1999),
Goldberg et al. (2002), Kusunoki et al. (2000), Andersen and
Buneo (2002), Snyder (2000) and also Dorris and Glimcher
(2004), Platt and Glimcher (1999), Roitman and Shadlen
(2002), Shadlen and Newsome (1996). There is evidence that
PPC neurons respond after the onset of a sensory stimulus,
encode the attention that is paid to the stimulus, sustain the
memory of the stimulus, compute the sensorimotor transfor-
mation involved in making a movement to the stimulus, encode

the intention to make such a movement, and compute the
decision concerning which of two or more movements to
make. Clearly, these observations underline that it is difficult to
neatly categorize these neurons as purely “sensory” or “motor”
(Platt and Glimcher 1999). There are a number of separate and
distinct cortical areas in the PPC, and it has been hypothesized
that these areas have distinct functional specializations with
regard to decision, attention, intention, and/or memory (e.g.,
Andersen and Buneo 2002). Much of the single-unit electro-
physiology research on these topics has focused on the lateral
intraparietal area (LIP), a small region in the macaque intrapa-
rietal sulcus (IPS), that is tied to the production of eye move-
ments. The study of LIP in macaques has hence become a
microcosm of the research on the cortical control of attention,
intention, working memory, and decision-making. This in turn
has led to increasing interest in the comparative study of LIP
(and PPC in general) in humans and non-human primates.

Some areas of PPC have been defined with precision in the
monkey brain (Andersen et al. 1990a; Colby and Duhamel
1991; Lewis and Van Essen 2000), but less so in the human
brain. Topographic mapping with functional magnetic reso-
nance imaging (fMRI) has been a particularly useful technique
for defining human cortical areas objectively, precisely, and
routinely. This technique, introduced originally by Engel et al.
(1994), has successfully been used to measure the retinotopic
organization of early visual cortex and to define a number of
visual cortical areas (DeYoe et al. 1996; Engel et al. 1994,
1997; Press et al. 2001; Sereno et al. 1995). Using a variant of
this method, Sereno et al. (2001) identified an area near the
human IPS that they suggest might be the human homologue of
macaque LIP. In their experiment, subjects made saccades to a
series of targets located in sequence around the visual field.
The targets were presented only briefly, and subjects had to
remember their locations for several seconds before each eye
movement. Sereno et al. observed a traveling wave of activity
across a region of human PPC as subjects remembered con-
secutive target locations, implying that some neurons in this
area are topographically organized for delayed saccades to
remembered locations. Other experiments have provided com-
plementary evidence for potential homologies between areas of
human PPC and monkey LIP. There are numerous reports of
sustained activity in human PPC during a delay period before
subjects make saccades (e.g., Astafiev et al. 2003; Connolly et
al. 2002; Curtis and D’Esposito 2002). It has even been argued
that human PPC exhibits spatial updating after eye movements
(Merriam et al. 2003), a phenomenon analogous to one that has
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been reported in monkey LIP (Duhamel et al. 1992). It is,
however, unclear if these human regions are the same as that
identified by Sereno et al. based on topography.

Here, we used the methodology introduced by Sereno et al. to
measure the response to delayed saccades in human PPC. In
contrast to their report of one region, we found that there are at
least two candidate areas in the IPS that exhibit topographic maps.
These regions covered the medial aspect of the IPS. We refer to
them as IPS1 and IPS2 based on their anatomical location. They
were anterior to visual areas V3A and V7 at the transverse
occipital sulcus, but posterior to the area reported previously by
Sereno et al. (2001). The boundaries between V7 and IPS1 and
between IPS1 and IPS2 were defined by reversals in the visual
field orientation (i.e., phase reversals in the topographic map). We
show in a companion paper that the same areas exhibited topo-
graphic organization when subjects performed a visual detection
task in which the focus of attention systematically traversed the
visual field, in the absence of eye movements (M. Silver, D. B.
Ress, and D. J. Heeger 2005). It is important to note that the
definitions of these two regions in the IPS are tentative. We leave
open the possibility that these areas may be further subdivided in
future experiments. Additional experiments will also be needed to
determine the functional homology between these areas in human
PPC defined by topographic mapping and areas in the macaque
brain. A preliminary report of these results has been presented in
abstract form (Schluppeck et al. 2004).

M E T H O D S

Subjects

Four experienced subjects participated in this study with written
consent. Procedures were in compliance with the safety guidelines for

MR research and approved by the human subjects Institutional Re-
view Board at New York University. Each subject participated in a
number of scanning sessions: one session to obtain a high-resolution
anatomical volume; two sessions to measure the retinotopic maps in
visual cortex (see following text) and two to three sessions to measure
fMRI responses in the experimental conditions.

Visual stimuli and task

Stimuli were presented via an LCD projector and long-throw optics
onto a back-projection screen in the bore of the MR scanner. Subjects
were supine and viewed the projected stimuli (maximum eccentricity:
11°) through an angled mirror. Subjects performed a delayed saccade
task in which targets appeared at successive locations around the
clock at the same eccentricity, separated by 30° angular steps (see Fig.
1) (see also Sereno et al. 2001). On each trial, a small random angular
offset was added to the target locations (range, �5°). Each cycle
lasted 54 s (number of target locations � trial duration � 12 � 4.5 s).
Subjects performed the task for five cycles, resulting in scans lasting
270 s. We alternated scans in which the target progressed in clockwise
and counterclockwise directions (Fig. 1) and allowed subjects to rest
for several seconds between scans. Each subject took part in two to
three scanning sessions, each lasting �1.5 h. In total, each subject
performed between 720 and 1,440 saccades to remembered locations.

In each scanning session, we also included one or two scans (same
duration, 270 s), in which subjects alternated between blocks of
central fixation (27 s) and blocks consisting of a rapid series (1 every
750 ms) of eye movements (27 s). During the eye-movement block,
subjects shifted their gaze between the central fixation spot and a
series of peripheral targets. The presentation of the peripheral targets
(750 ms, 10° eccentricity, random angles) alternated with the central
fixation spot (750 ms), only one of which was visible at any time.

FIG. 1. Stimulus and behavioral task. A: subjects were instructed to fixate centrally while a peripheral target was briefly presented. B: during a 3-s delay period,
an annulus of distractor dots was presented at the same eccentricity as the target (10°, dot size: 0.25°, lifetime: 0.05 s). C: on dimming of the fixation spot, subjects
made a saccadic eye movement to the remembered target location. On brightening of the central fixation spot 0.25 s later, subjects made a return saccade. The
next trial began after a 1-s interval. Targets appeared at successive locations “around the clock” (same eccentricity, 30° angular steps), to produce a traveling
wave of activity in areas that are topographically organized.
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Functional imaging

We used functional magnetic resonance imaging at 3T (Allegra,
Siemens, Erlangen) to measure blood-oxygen-level-dependent
changes in cortical activity (BOLD). During each fMRI scan, a time
series of volumes were acquired using a T2*-sensitive EPI pulse
sequence (TR: 1,500 ms, TE: 30 ms, flip angle: 75°, 24 slices, 3 � 3 �
3 mm3voxels, FOV: 192 mm). We acquired images using custom RF
coils (NM-011 transmit head-coil and NMSC-021 4-channel phased
array receive coil, NOVA Medical, Wakefield, MA).

Preprocessing and motion correction

To minimize head motion, subjects were stabilized by use of a bite
bar and/or foam padding. Post hoc image registration was used to
correct for residual motion in the functional data (MCFLIRT) (Jen-
kinson et al. 2002). Data from the first 14 s of each fMRI scan were
discarded to minimize transient effects of magnetic saturation. Further
preprocessing of the fMRI data were as follows: high-pass filtering of
the time series at each voxel to compensate for the slow drift typical
in fMRI measurements (Smith et al. 1999) and dividing each voxel’s
time series by its mean intensity to convert the data from arbitrary
image intensity units to percent signal modulation (and to compensate
for the decrease in mean image intensity with distance from the
receive coil). The resulting time series were either analyzed for each
voxel or averaged over a region of cortical gray matter corresponding
to a given region of interest (ROI).

Topography for delayed saccades

In the saccade experiment the main difference across trials was the
target location. Subjects made sequential delayed eye movements to
different locations in the visual field (Fig. 1). If a topographic map
exists, adjacent parts of the cortical gray matter should represent
adjacent parts of the visual field, and successive delayed eye-move-
ments to targets “around the clock” will therefore lead to a traveling
wave of activity across the cortical surface.

Data were analyzed by fitting a sinusoid (same 54-s period as that
of the stimulus/cue cycle) to the time series at each voxel and
computing: the correlation (technically, coherence) between the time
series and the corresponding best-fitting sinusoid and the phase of the
best-fitting sinusoid. The coherence measures signal-to-noise (Engel
et al. 1994, 1997), taking a value near 1 when the fMRI signal
modulation at the stimulus/cue period is large relative to the noise (at
the other frequency components) and a value near 0 when there is no
signal modulation or when the signal is small compared with noise.
The phase measures the temporal delay of the fMRI signal relative to
the beginning of the experimental cycle and consequently corresponds
to the polar angle component of the topographic map. A topographic
map should be visible on the cortical surface as a smooth progression
of early to late “phase values,” corresponding to different target
locations in the visual field.

We combined data from “clockwise” and “counter-clockwise”
scans by time shifting the time series at each voxel to remove the
hemodynamic delay (�t � 4.5 s). We then time-reversed the counter-
clockwise scans and averaged across the time-shifted and time-
reversed scans, separately for each subject, across scanning sessions.
The resulting mean time series therefore reflected the timing of
clockwise scans, in which targets progressed through the right hemi-
field in the first part of each cycle and through the left hemifield field
in the second half of the cycle.

Regions of posterior parietal cortex that were topographically
organized for delayed saccades were visualized on flattened represen-
tations of each subject’s posterior parietal cortex (see following text).
Candidate cortical areas were defined when they were observed to be
consistent across hemispheres/subjects. Consistency was determined
using the following criteria: the location of each area with respect to

the gross anatomy, the size of each area, the distances between the
areas and their placement relative to one another, and the visual field
orientations (see following text) within the areas. Each candidate
cortical area was defined by hand on the flat map. We defined each
area conservatively by locating two features: the representation of the
vertical meridia (at reversals in the phase map; see Visual field
orientation), which indicated the borders between areas, and the
medial and lateral borders of the maps. These borders were defined by
including regions on the map that showed a significant response
(coherence, c � 0.2) in the topography experiment. We also verified
the definition of areas by comparing them to the region on the maps
that showed significant response (c � 0.3) in the saccade-versus-
fixation control condition (see Fig. 8). Because subjects performed the
saccade tasks only at one eccentricity, the regions we defined likely
represent only a portion of the true extent of these topographic maps.

Statistics

The statistical significance of the coherence values c can be deter-
mined with a t-test (H0: c � 0, number of trials � 2 � 178 df) (Sokal
and Rohlf 1995). The probability of observing a coherence value of
0.2 under the null hypothesis (c � 0), is P 	 0.0035, t � 2.72. For c �
0.35, P 	 7.31 � 10�7 and for c � 0.75, the highest coherence
thresholds used, P � 0 (within numerical precision in Matlab). To
calculate these P values, we assumed that consecutive time points
were independent. This assumption is known to be false because there
is considerably more noise in fMRI time series at low frequencies
(�0.25 Hz) than at higher frequencies (Aguirre et al. 1997; Biswal et
al. 1995, 1997a,b; Purdon and Weisskoff 1998; Smith et al. 1999;
Woolrich et al. 2001; Zarahn et al. 1997). Hence the P values should
be taken only as a rule of thumb. There is a one-to-one correspon-
dence between coherence and P values, but precise calculation of the
P values would require further assumptions about the properties of the
noise in the measurements. The c- (or corresponding P) values were
used only for the purpose of thresholding the data to visualize the
phase maps. Because of the arbitrariness of these statistical thresholds,
we performed additional analyses to quantify the lateralization and
visual field orientations in the identified areas of PPC.

Visual field orientation

To characterize the reversals in the topographic maps, we computed
the visual field orientation for each cortical area. There are two
diagnostic features of topographic maps for defining cortical areas. 1)
The response phases progress across each visual area (indicating a
topographic organization of the visual field on the cortical surface). 2)
The adjacent maps are mirror images of each other so the phase
progressions are in opposite directions along the cortical surface,
resulting in a phase reversal at their shared boundary. The local visual
field orientation at each voxel was determined by comparing its
response phase to the phases of each of its eight neighboring voxels on
the flat map. In particular, the local horizontal component of visual
field orientation was determined by computing the difference between
the sine of the response phase of the central voxel and the sine of the
phase of each of its neighboring voxels and computing the difference
between the resulting values from the three voxels on the right minus
the values from the three voxels on the left. The local vertical
component of the visual field orientation was determined analogously.
The visual field orientation of an entire cortical area was computed as
the vector average of the local orientations at each voxel (as in Figs.
4 and 5, arrows).

Retinotopy

Retinotopic visual areas (V1, V2, V3, V3A, V3B, hV4, V7) were
defined using standard methods (DeYoe et al. 1996; Engel et al. 1994,
1997; Sereno et al. 1995). Briefly, to estimate the angular component
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of the retinotopic maps, we used a 45° wedge of flickering checker-
board that rotated slowly (f � 1/24s) about a central fixation point.
Analogously, to estimate the radial component of the retinotopic
maps, we used an expanding annulus (f � 1/24s, 25% duty cycle).
These stimuli evoked traveling waves of activity across each of the
retinotopic areas. As for the delayed-saccade data, we fit the measured
time series with a sinusoid and calculated the response phase and
coherence separately for each voxel. The phase values measured
temporal delay of the fMRI responses relative to the beginning of the
experimental cycle and, therefore corresponded to the polar (or radial)
component of the topographic map.

Anatomical imaging, registration, and flat maps

A high-resolution anatomical volume was acquired of each sub-
ject’s brain using a T1-weighted, 3D-MPRAGE pulse sequence (1 �
1 � 1 mm3 voxels). These anatomical volumes were used to register
the functional data across scanning sessions, restrict the functional
data analysis to gray matter voxels, and computationally flatten the
gray matter to create flattened visualizations of the cortical activity.
Gray and white matter were segmented, and flat maps were computed
using custom software (Fig. 2) (Larsson 2001). A surface correspond-
ing to the gray-white matter boundary was extracted and computa-
tionally inflated. In a further step, selected regions containing the
transverse occipital (TOS) and intraparietal (IPS) sulci were selected
and then computationally flattened (Larsson 2001; Smith 2002). Flat
maps were rendered such that areas that were concave on the original
surface (buried in sulci) are dark gray, and areas that were convex (top
of gyri) are light gray.

Each session began by acquiring a set of anatomical images in the
same slices as the functional images (T1-weighted, MPRAGE pulse
sequence). An image registration algorithm (Nestares and Heeger
2000) was used to align these inplane anatomical images to the
high-resolution anatomical volume of the observers brain (see pre-
ceding text), so that the data from a given subject were co-registered
across scanning sessions.

We determined the mean Talairach coordinates of the topographic
regions by mapping each subject’s high-resolution anatomy volume
into Talairach space using an affine transformation. The transform
was based on definitions of the standard landmarks: anterior (AC) and
posterior commissures (PC), points intersecting the anterior and pos-
terior cortical surface on the AC-PC line, a point on the mid-sagittal
plane, and points intersecting the cortical surface left and right of the
anterior commissure (Dougherty et al. 2003; Talairach and Tournoux
1988). Table 1 shows mean � SD of Talairach x, y, and z coordinates
across eight hemispheres. The Euclidean (root mean square distance)
between the coordinates reported here and by Sereno et al. was
calculated. As their coordinates referred only to a region in the right

hemisphere, we disregarded the sign of the Talairach x coordinate for
this comparison.

We calculated cortical surface areas of the topographic maps that
we found in human PPC. To avoid distortions introduced by the
flattening procedure, surface areas were measured in the three-dimen-
sional cortical manifold (the boundary between gray and white matter)
using custom software (Dougherty et al. 2003).

R E S U L T S

The responses in the flat maps (Figs. 3–5) should be read as
follows. Each panel displays a flat map of one hemisphere. The
superimposed colors represent the fMRI response phases that
correspond to angular position in the visual field. The relation-
ship between the phase values and the corresponding portions
of the visual field is indicated by the color wheel (inset). The
colors corresponding to upper vertical meridian (UVM, or-
ange) and lower vertical meridian (LVM, blue) of the visual
field provide a reference point for comparing maps in the left
and right hemispheres. The arrows represent the visual field
orientations, computed from the response phases, and indicate
the progression in topography from the lower vertical to the
horizontal and then to the upper vertical meridian as one moves
across the cortical surface.

There were three notable properties of the responses in PPC
(Figs. 3–5). First, there was a bias in the distribution of response
phases for the contralateral visual field (Figs. 3–5), as one set of
colors (red, magenta, purple) appeared in the left hemispheres,
whereas a different set of colors (yellow, green cyan) appeared in
the right hemispheres. This contralateral bias was evident along

FIG. 2. Gray matter segmentation and flat maps of posterior parietal cortex. A: Tesselated surface representation of the gray/white matter boundary in lateral
and posterior aspect (1 subject, 1 hemisphere). B: inflated surface representation of the same hemisphere. Dark gray areas, sulci in the uninflated surface; light
gray areas, gyri. The selected region shows the part of the patch of cortical surface that was computationally flattened and used for visualization. We used
corresponding regions in all other subjects to create flat maps. C: flattened representation of the selected region of posterior parietal cortex (scale bar: 1 cm).

TABLE 1. Talairach coordinates of parietal regions

Region of
Interest

Coordinates, mm

Orientationx y z

V7 � 25(5) �80(5) 27(8) down
IPS1 � 21(4) �76(5) 42(8) up
IPS2 � 18(6) �71(6) 52(6) down

Parietal regions V7 and intraparietal solcus regions 1 and 2 (IPS1 and IPS2)
are shown. x, y, and z coordinates are the mean across 8 hemispheres
[disregarding the sign for x coordinates reported by Sereno et al.: (24, �65,
53)]. Orientation indicates the mapping of the visual field representation from
caudal to rostral on the cortical surface: up for a progression from lower to
upper vertical meridia, down for vice-versa (cf. white arrows in Figs. 4 and 5;
see METHODS for details).
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