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Retinotopy and Attention in Human
Occipital, Temporal, Parietal, and Frontal
Cortex

Novel mapping stimuli composed of biological motion figures were
used to study the extent and layout of multiple retinotopic regions in
the entire human brain and to examine the independent manipula-
tion of retinotopic responses by visual stimuli and by attention.
A number of areas exhibited retinotopic activations, including full
or partial visual field representations in occipital cortex, the
precuneus, motion-sensitive temporal cortex (extending into the
superior temporal sulcus), the intraparietal sulcus, and the vicinity of
the frontal eye fields in frontal cortex. Early visual areas showed
mainly stimulus-driven retinotopy; parietal and frontal areas were
driven primarily by attention; and lateral temporal regions could be
driven by both. We found clear spatial specificity of attentional
modulation not just in early visual areas but also in classical
attentional control areas in parietal and frontal cortex. Indeed, strong
spatiotopic activity in these areas could be evoked by directed
attention alone. Conversely, motion-sensitive temporal regions, while
exhibiting attentional modulation, also responded significantly when
attention was directed away from the retinotopic stimuli.

Keywords: biological motion, frontal eye fields, intraparietal sulcus,
superior temporal sulcus, topography

Introduction

The primate brain contains multiple re-representations of the
retina laid out in topological maps, often called retinotopic
maps, in the midbrain, thalamus, and occipital lobe (Felleman
and Van Essen 1991; Sereno and Allman 1991). Functional
magnetic resonance imaging (fMRI) has been used for over
a decade to study early cortical retinotopic maps in the human
brain (Sereno et al. 1995).

In higher areas, visual areas are smaller and receptive fields
of neurons are larger (Gattass et al. 2005; Serences and Yantis
2007). Neurons with large receptive fields are sometimes
mistakenly considered unsuitable candidates for encoding
spatial location. In fact, in a small cortical area containing
somewhat noisy single units, it may actually be preferable to
have larger receptive fields, since then, spatial location can be
estimated from a larger number of neurons, increasing signal-
to-noise (see Baldi and Heiligenberg 1988 for a formal model).
Large receptive fields are not incompatible with either
retinotopy, or computation of exact spatial locations. Indeed,
in recent years fMRI studies have shown that there are
topographic representations outside of occipital regions, in
temporal, parietal, and even frontal cortex (Sereno et al. 2001,
2003; Huk et al. 2002; Hasson et al. 2003; Brewer et al. 2005;
Schluppeck et al. 2005; Silver et al. 2005; Hagler and Sereno
20006; Larsson and Heeger 2006; Sereno and Huang 20006;
Hagler et al. 2007; Kastner et al. 2007; Swisher et al. 2007).
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The discovery of maps in higher-level areas, including those
not previously thought to be retinotopic based on studies in
macaque monkeys, brings up the question of what actually
drives retinotopy in these regions. The discovery of new maps
or areas is due in part to developments in neuroimaging
technology that have increased signal-to-noise over the years.
But another possibility is stimulus-based selectivity: retinotopic
mapping protocols typically use flickering checkerboards as
stimuli, whereas higher areas in the brain respond preferen-
tially to complex, higher-order visual properties. More complex
stimuli might be better suited to reveal maps in higher areas
(Sereno et al. 2003). On the other hand, tasks that rely on
spatial attention, saccade preparation, and working memory
appear to activate maps in regions known to be involved in
these tasks when modified to be performed retinotopically
(e.g., Sereno et al. 2001; Schluppeck et al. 2005, 20006; Silver
et al. 2005; Hagler and Sereno 20006; Hagler et al. 2007),
suggesting that retinotopy in these regions may be a way to
allocate processing resources.

Spatially specific attentional modulation has been demon-
strated in human visual areas in several studies (e.g., Tootell
et al. 1998; Brefczynski and DeYoe 1999; Gandhi et al. 1999;
Kastner et al. 1999; Martinez et al. 1999; Somers et al. 1999). In
the classical attentional “control” regions in parietal and frontal
cortex (see Corbetta and Shulman 2002; Pessoa et al. 2003;
Schall 2004; Boynton 2005; Serences and Yantis 2006 for
overviews) spatially specific modulation of attention has been
inconsistent (also see Discussion). However, given that these
regions themselves contain topographic representations, an
obvious question is whether these representations are actually
used during spatial attention tasks.

In the present study, we employed stimuli containing
complex visual features as well as of ecological relevance
(biological motion) and a spatial attention task. A further
combination of retinotopic mapping and an experimental
design allowed us to identify retinotopic regions primarily
responsive to stimulus properties, and those actively used
during spatial attention. Though the 2 are not mutually
exclusive, we will refer to these 2 endpoints as “stimulus-
driven” and “attention-driven” retinotopy.

Our novel stimuli allowed us to manipulate these 2 factors as
independently as possible so that activity driven by stimulus
features and activity driven by attention could both be
measured. In order to study attentional modulation while
holding stimulus properties controlled, we modified the
standard retinotopic mapping paradigm, where only a particular
portion of visual field contains a stimulus at any given time, and
stimulated the entire visual field at all times. Note that in
standard retinotopic mapping, neural activity evoked by these



factors cannot be differentiated because the stimulus and
attention (either via an explicit task, or because nothing else in
the visual field is competing for attention) are at the same
location.

The standard flickering checkerboard stimuli typically used
in retinotopic mapping experiments are not well suited to
study effects of stimulus complexity on retinotopic maps. Our
stimuli are instead based on point-light biological motion
animations (Johansson 1973). These animations were chosen
because they contain high-level features such as motion and
form, and are perceived as meaningful objects. Perceiving
biological motion has cross-species importance and many
organisms appear to have evolved specialized mechanisms to
process this information (Vallortigara et al. 2005; Troje and
Westhoff 20006). At the same time, in contrast to other possible
complex stimuli (e.g., video), control stimuli and prior
psychophysical and neuroimaging data are available for point-
light biological motion, making them far better suited for
experimental manipulation (see Methods).

The basic design of our study can be summarized as follows:
a retinotopically rotating polar angle mapping wedge contained
point-light biological motion figures surrounded by a field of
scrambled figures (stimulus contrast) or a field of identical
figures (no stimulus contrast). Additionally, while fixating,
subjects performed either a task that required them to attend
to the wedge (attention), or a task that required them to attend
to the center of gaze (withdrawn attention, see Fig. 1).

Methods

Participants

Nine adults with normal or corrected to normal vision (age 25-35,
5 women) participated in this study. All were experienced with
behavioral and with functional MRI experiments, including retinotopic
mapping. Each subject was scanned in 4-6 runs of each of the 3
conditions of the experiment on 3-4 different days. Some subjects
participated in additional sessions (control, pilot, or additional
sessions). Before starting each experiment, subjects were trained and
familiarized with the stimuli and tasks outside the scanner, and
additionally practiced each task for 8-10 min in the scanner. The
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experimental protocol was approved by the UCSD Human Subjects
Research Protections Program. Informed consent was obtained from
each participant.

Experimental Stimuli and Paradigm

In creating the stimuli, we used point-light biological motion
animations (Johansson 1973). These are salient structured motion
stimuli that are also perceived as coherent, meaningful objects. At the
same time, because they lack many other visual cues, they are easily
manipulable, and control stimuli that disrupt the structured motion are
readily available—such as “scrambled biological motion.”

The point-light biological motion animations used here were a subset
of motion sequences created by Ahlstrom et al. (1997) by videotaping
an actor performing various activities and subsequently encoding joint
positions in the digitized videos. The actions used here depicted
walking, walking up stairs, jogging, jumping jacks, throwing, underarm
throwing, skipping, stepping up, a high kick into the air, a lower kick,
and jumping rope. Scrambled biological motion animations were
spatially scrambled; the starting positions of the point-lights were
randomized while keeping each dot’s trajectory intact. The starting
positions of the dots were chosen randomly within a region such that
the total area encompassed by the figure was similar to that of the
structured motion figures. Eleven biological motion animations and 11
corresponding scrambled animations were consistently used in the
experiment. All point-light figures were identical to those used in our
previous block design fMRI study (Saygin et al. 2004).

We used phase-encoded retinotopic mapping within an experimen-
tal design. Neuroimaging experiments on spatial attention typically
sample a small number of locations in space. Phase encoding not only
provides a complement to prior work, but it also is a high signal-to-
noise mapping of the entire visual field. Phase encoding also allowed us
to address 2 possible problems that are especially important in studying
attentional modulation. First, potential effects of task or set shifting
have been avoided because the stimuli and task were constant
throughout each session. Second, the present design allowed us to
minimize “surround” effects. When a visual stimulus is presented at 1
location, both the stimulus and attention at this location cause changes
in neural activity in cortical representations of untested locations—and
these changes may vary depending on brain area, visual stimulus, task,
and attentional state (Boynton 2005; Schwartz et al. 2005). In an
experiment aiming to disentangle effects of stimulus representations
and attention, these surround effects are in essence external factors
in the experiment. Phase encoding minimizes this issue because
every condition is Fourier analyzed within itself (see below and

Attention

Figure 1. Still frames from the animations depicting the experimental stimuli. Subjects fixated as the entire stimulus display rotated counterclockwise or clockwise around the
fixation cross. The percept was an uninterrupted rotation with the objects inside the animation locations changing rapidly (see Supplementary videos 1-3, details are described in
Methods). The “target” wedge containing biological motion can be seen at the horizontal meridian of the right hemifield (3 o’clock) in each condition. Here, the wedge has been
marked with dashed lines for ease of identification; in the actual stimuli, no such marking was present. Also note that although the animations in the target wedge were aligned
across a straight line, there were 2 additional such “wedges” that contained linearly arranged animations (120° apart, here shown at approximately at 7 o’clock and 11 o’clock)
and the data were analyzed specifically in phase with the target wedge. In the Attention + Stimulus condition (a), the retinotopic wedge contained point-light biological mation
and the background contained scrambled biological motion, therefore there was a subtle stimulus contrast. The visual stimuli in the Stimulus condition (b) were identical to the
Attention + Stimulus condition, except the fixation cross also changed color once per second. The color of the fixation cross does not correlate with the stimulus frequency and
for a phase-encoded analysis, the Attention + Stimulus condition and the Stimulus condition are identical (see Methods). In the Attention condition (c), biological motion was
displayed in the wedge and the background. The point-lights in the wedge were presented in a uniform color (here, green), a subtle cue to help subjects determine which
animations to attend (although this color manipulation was not needed to drive the maps as was verified in control studies—Supplementary Fig. 2).
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Supplementary Methods). A block design study could also minimize this
problem by testing many locations in space and comparing each
location to all of the others—but that is less efficient and essentially
approaches a phase-encoded design; and if locations are interrogated
randomly, it also requires that the subject adapt attention to monitor
for new targets at many locations.

In phase-encoded polar angle retinotopic mapping, subjects fixate and
view a clockwise or counterclockwise rotating pie-shaped “wedge”
(Sereno et al. 1995). In the present study, visual stimuli were presented
in both the rotating wedge and the background. The retinotopic wedge
was not separated from the background with a border or any other
demarcation and contained 3 biological motion animations increasing in
size with eccentricity (Fig. 1 and Supplementary videos 1-3). The
background was similarly filled with point-light animations arranged
around a central fixation cross increasing in size with eccentricity. The
composite stimulus then was a circular area populated with 18
individual point-light animations. This circle was on average 55° of
visual angle in diameter. The wedge, and consequently, the whole
display of dots rotated around the fixation cross at constant speed. Each
animation completed its movement in 1 s—the next animation was
presented immediately after (next frame), so there was no discontinuity
perceived in the rotation of the animations even though the individual
animations changed every second. Each animation was presented in 1 of
11 randomly selected approximately isoluminant colors whether in the
wedge or background (except in Attention condition, see below). The
stimuli are illustrated in Supplementary Videos.

The rotation always started with the retinotopic wedge at the
horizontal meridian of the right hemifield (i.e., 3 o’clock). For each
subject, in half of the scans the rotation direction was counterclock-
wise, in the other half clockwise. This allows us to ascertain that
reversing the rotation direction of the stimulus leads to a reversal in the
phase map; but it also allows us to cancel phase errors due to local
static differences in hemodynamic delay by combining data from
opposite rotation directions (Sereno et al. 1995, 2001).

Polar angle mapping was used rather than eccentricity mapping
because the latter was difficult to adapt into our experimental design
aimed at contrasting stimulus and attention effects retinotopically:
Perception and attention in the fovea are better than in the
periphery—indeed, for the present stimuli, even after adjustment for
cortical magnification (Ikeda et al. 2005).

In reporting some individual subject results, we have additionally
used data from separate localizer scans to provide approximate
locations of functionally defined cortical visual areas in relation to the
present results. Middle temporal area was identified by the contrast of
low contrast moving rings to static rings (Tootell et al. 1995), and the
fusiform face area or FFA (Kanwisher et al. 1997) was identified using
the contrast of images of faces to scrambled faces.

Experimental Conditions

There were 3 conditions corresponding to the experimental factors
rotating with the wedge: Attention + Stimulus, Stimulus, and Attention.
The content of the wedge and background as well as the subjects’ task
varied by condition as follows.

Attention + Stimulus Condition

The wedge contained point-light biological motion, whereas the
background contained scrambled version of the same motion (Fig.
la, Supplementary Video 1). This is a rather subtle stimulus
contrast—compared with standard retinotopy, which has no stimuli
in the background, or even compared with various possible control
stimuli such as stationary dots (Saygin et al. 2004). In addition to
a stimulus contrast, here the subjects’ attention was actively directed to
the wedge stimuli with an explicit task. Although fixating centrally,
subjects were asked to keep their attention on the rotating wedge and
monitor for trials in which the 3 animations in the wedge were not
identical. This is a difficult and attention-demanding task at the rate the
stimuli refresh and especially with the large field of view of the stimuli.

Stimulus Condition
In this condition, the retinotopic stimuli presented were identical to
the Attention + Stimulus condition with biological motion in the wedge
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and scrambled motion in the background. The only difference was the
fixation cross, which also changed color once per second (Fig. 15,
Supplementary Video 2). Subjects were asked to ignore all peripheral
stimuli and carry out a 2-back working memory task with the color of
the fixation cross (respond when a trial matches the trial before the
previous trial, e.g., Red, Blue, Red). This task is very difficult to perform
at the refresh rate of these stimuli and requires sustained attention.
This task was chosen because it is attention-demanding, alters the
stimulus minimally, centrally, and in a nonperiodic manner—allowing
an attention contrast to be made with the Attention + Stimulus con-
dition while keeping the retinotopic stimulus identical (Lavie 2005).

Attention Condition

This condition aims to drive the retinotopy with attention as opposed
to a stimulus contrast. Here, biological motion was presented in both
the wedge and the background. As in the Attention + Stimulus
condition, subjects kept their eyes on the fixation cross and attended to
the wedge and responded whenever the 3 figures in the wedge were
not identical.

Even though the attended wedge and the background both
contained biological motion, the animations in the attended wedge
do lie approximately along a salient line. However, there were 2 other
such sets of animations in the background defining 2 alternate wedges
(3 wedges centered 120° apart). The fact that there was little signal at 3
times the base rotation frequency (data not shown) suggests that the
imaginary contours of the attended wedge cannot explain our results.

The competing wedges make it crucial that subjects not “lose” the
attended wedge. To help subjects track the wedge, a color cue was
used: instead of using a random color for each figure, the point-lights in
the wedge were consistently presented in 1 of the (approximately
isoluminant) colors elsewhere in the display (Fig. 1¢, Supplementary
Video 3). Then, as additional controls, we showed that this display does
not generate retinotopy in the absence of attention; and we replicated
the result in trained individual subjects after the color cue was
removed—see Results.

Data Acquisition

Scanning and analysis parameters were the same for all scans and were
as follows: We used a 3-Tesla GE Excite scanner and an 8-channel head
coil. For functional scans, a 7,"-weighted echo planar gradient echo
pulse sequence (8'32" scan time, time repetition [TR] = 2000 ms, time
echo [TE| = 30 ms, flip angle = 90°, bandwidth = 125 kHz, 64 x 64
matrix, 31 axial slices, 3.125 x 3.125 x 3.5 mm voxels, 0 gap) was used.
When possible, a per-voxel equilibrium longitudinal magnetization (B0)
field map was collected at each session and later used in reducing
distortions in the images (Reber et al. 1998). A T;-weighted fast spoiled
gradient-recalled scan (TR = 10.5 ms, flip angle = 15°, bandwidth =
20.83 kHz, 256 x 256 matrix, 143 axial slices, 1 x 1 x 1.3 mm voxels)
was also acquired during each session to align the functional images to
a previously obtained (at 1.5, 3, or 4 Tesla Siemens, GE or Varian
scanners) high-resolution (1 x 1 x 1 mm) 7;-weighted magnetization-
prepared rapid gradient echo scan of each subject.

Subjects’ heads were stabilized with foam padding in order to
minimize movement during the scans. Subjects directly viewed the
stimuli on a screen that was suspended inside the magnet bore above
their chest. Stimuli were projected onto this screen using an XGA video
projector and a 7.38-12.3" focal length Xtra Bright Zoom lens (Buhl
Optical/Navitar, Rochester, NY). This setup allowed a large field of view
(on average 55° in diameter).

Unfortunately, we did not have access to a scanner with eye-tracking
capabilities at the time of data collection—but we verified that fixation
was adequate at a later time by collecting data from an individual
subject with simultaneous eye-tracking at a later date (not shown). The
fact that retinotopic maps in primary visual cortex appeared as
expected indicates in general, all subjects had to have maintained
good fixation (see Results).

The experiments were programmed and presented using MATLAB
(Mathworks, Natick, MA) and the Psychophysics Toolbox (Brainard
1997). Subjects used a button box (Photon Control Inc, Barnaby, B.C.,
Canada) to report matches in the task.



Data Analysis

The data were analyzed using cortical surface-based methods using
FreeSurfer (Dale et al. 1999; Fischl, Sereno, Dale, 1999), AFNI (Cox
1996), as well as custom software extensions (Hagler et al. 20006; see
also http://kamares.ucsd.edu/~sereno/csurf/tarballs/).

The functional scans were motion-corrected using the AFNI program
3dvolreg. For each subject and each session, the alignment structural
scan was registered with the high-resolution structural scan used to
construct the cortical surface. The registration was refined using
manual blink comparison to achieve a very precise overlay of the
functional data onto the cortical surface.

Each subject’s phase-encoded data were analyzed using a Fourier
analysis, yielding an amplitude and a phase value at each voxel. For each
subject, multiple scans were averaged in the Fourier domain in
a manner that uses both amplitude and phase in maximizing signal-
to-noise (a vector sum). This method corrects for between-voxel
differences in hemodynamic delay and strongly penalizes inconsistent
phases across scans (see Supplementary Methods).

Details of the group analyses were described in detail elsewhere
(Hagler et al. 2007) as well as in Supplementary Methods. Briefly, each
subject’s cortical hemispheres were reconstructed, inflated, resampled
to a sphere, and then morphed to the average spherical representations
of the cerebral hemispheres (Fischl, Sereno, Tootell, et al. 1999). Group
statistics were then carried out on this common spherical coordinate
system. Two kinds of group analyses were conducted. First, the
amplitude and phase values of the Fourier analysis from each subject
were averaged directly to make group retinotopic maps. Significant
cortical patches in these average maps represent areas which not only
have strong responses at the stimulus frequency, but also consistent
phase across subjects, indicating a strong and highly consistent
retinotopic representation (see Supplementary Methods). Second, at
each voxel, the signed amplitude of the Fourier transform was used as a
quantitative measure of strength of contralateral representation
(“signed” positive or negative depending on whether the phase cor-
responds to contralateral or ipsilateral space, respectively). The con-
ditions of the experiment were compared (i.e., Attention + Stimulus -
Stimulus; Attention + Stimulus - Attention) by running voxel-by-voxel
analyses of variance (ANOVA) with subjects as random effects and
condition as fixed effects.

Results

In all figures, colored areas represent regions that showed a
significant contralateral periodic response (henceforth, a “reti-
notopic response”) at the retinotopic stimulus frequency (see
Methods). Ipsilateral responses were virtually nonexistent and
were truncated (a few voxels per scan). Color is used to
represent the phase of the response. Although the precise
delineation and naming of retinotopic areas is not the focus of
the present study, when an area could clearly be identified due
to its previously known retinotopic organization and anatom-
ical location, we used common nomenclature, including V1-
V3, V3A, V4, V6, V7, MT, intraparietal sulcus (IPS)1, IPS2, and
FEF (Sereno et al. 1995; Hadjikhani et al. 1998; Tootell et al.
1998; Sereno et al. 2001; Huk et al. 2002; Wade et al. 2002;
Brewer et al. 2005; Schluppeck et al. 2005; Sereno and Tootell
2005; Silver et al. 2005; Hagler and Sereno 20006). The most
recently discovered parietal retinotopic regions IPS3, IPS4, and
ventral intraparietal area (VIP) (Sereno and Huang 20006;
Swisher et al. 2007) are less consistent across subjects and
these boundaries were not marked in the figures.

Continuous regions spanned by periodic responses could
not in all cases be broken into areas each containing a complete
hemifield map. This could be due to limitations of resolution,
vagaries of vasculature, or blurring due to cross-subject
averaging. But it could also indicate that some areas do not
represent all polar angles uniformly. Invasive studies in
primates have shown that even areas with well-established

retinotopy such as MT do not emphasize all polar angles
equally, and these emphases can differ across individual animals
(Maunsell and Van Essen 1987).

We first present average data from each experimental con-
dition, followed by illustrations of selected individual subjects.

Phase-Encoded Retinotopy—Attention + Stimulus
Condition

Behavioral data showed that sensitivity was high (d' = 2.76,
SD = 0.31; range = 2.20-3.03) indicating subjects performed the
task (see Methods) and maintained their attention on the
retinotopic stimuli.

Significant activity was found in extensive regions of early
visual cortex, temporal, parietal, and frontal cortex bilaterally;
many of these regions contained clear phase spreads indicating
full or partial visual field representation (Fig. 2).

Figure 2a shows the lateral views of the inflated hemi-
spheres. Retinotopic responses covered an extensive region of
occipital and temporal cortex including lateral occipital cortex
(LOC) and MT/medial superior temporal areas (henceforth
MT+). This activity likely covers putative human analogs of
occipitotemporal motion-sensitive areas that are not yet well-
mapped in the human brain (e.g., FST, V4t—Kaas and Morel
1993) and reaches into the superior temporal sulcus (STS,
especially clearly in the left hemisphere).

There was also well-defined bilateral retinotopic activity
with substantial phase spread in the superior precentral sulcus,
corresponding to the frontal eye fields (FEF). The location of
this activity was verified with recent data from experiments in
our lab that activated the FEF (Hagler and Sereno 2006; Hagler
et al. 2007). Further anteriorly, there were also responses in
smaller areas in the precentral sulcus.

The more dorsal retinotopic areas in Figure 2a are better
viewed by rotating and tilting each hemisphere (Fig. 25). There
was a continuous, large region of retinotopic activity along and
around the intraparietal sulcus, which contains several phase
reversals indicating multiple areas. Moving dorsally, there was
a band of retinotopic activity covering previously studied areas
V3A, V7, IPS1, and IPS2 (Tootell et al. 1998; Sereno et al. 2001,
2003; Silver et al. 2005; Schluppeck et al. 2006). From here,
significant activity extended into the postcentral sulcus
covering new retinotopic regions anterior and lateral to IPS2
(Sereno and Huang 20006; Swisher et al. 2007).

The most anterior and lateral portions of this activity have
a reduced representation of the upper visual field. Posterior
parietal areas (e.g., area VIP, Avillac et al. 2005) are known to
contain neurons that code space in eye-centered coordinates
as well as those that code space in head-centered coordinates.
In the present study, subjects had to look slightly downward at
the direct-view screen and thus, even though stimuli would be
retinotopically centered as subjects fixated, in head-centered
terms, this point would have a relative shift towards the lower
field (in relation to the head). Thus, even though there may be
neurons in these areas responding to stimuli at all visual
locations, when the lower field position relative to the head
coincides with a lower visual field stimulus, the signal may be
slightly larger than for other visual fields (cf. Hagler et al. 2007).

In ventral temporal cortex (Fig. 2¢), there was significant
periodic activity covering V2 and VP (Sereno et al. 1995)
extending anteriorly into a region previously labeled V4v + V8
or hVv4 + VO (Hadjikhani et al. 1998; Wade et al. 2002),
henceforth V4+. From here, activation continued further

Cerebral Cortex September 2008, V 18 N 9 2161


http://kamares.ucsd.edu/~sereno/csurf/tarballs/

Attention+Stimulus RH

FEF+ FEF+

Right
Visual

Field

Figure 2. Surface-based group average: Attention + Stimulus condition. Complex
data have been averaged (n = 9) using the vector average method (Supplementary
Methods), and displayed on the lateral (a), dorsolateral (b), ventral (c), and medial (d)
views of a single subject’s inflated cortical hemispheres. The dark gray areas on the
surface representation depict the sulci, the light gray areas the gyri. For the functional
data, preferred polar angle in the contralateral hemifield is represented by different
colors (ranging from red to blue to green) as indicated by the color wheel key. The
saturation of the color (modulated by a sigmoid function, see Supplementary
Methods) reflects the significance of the correlation between the BOLD signal and
stimulus frequency, and is derived from the amplitude of the Fourier transform. Visibly
saturated phase colors begin to emerge at P < 107 the data at most of the
activated cortical surface points have much higher significance values (P < 10510
P < 107" In the Attention + Stimulus condition, lateral temporal cortex (a) revealed
strong periodic responses, covering LOC, MT-, continuing into the STS. Also visible
in the lateral view are strong maps in the FEF bilaterally, likely covering more than one
anatomical area (hence labeled FEF+) as well as smaller significant activations
further anteriorly in the precentral sulcus. Dorsally (b), responsive regions extended
from V3A and V7, throughout the intraparietal sulcus into the postcentral sulcus,
covering multiple topographic regions (IPS1, IPS2 and beyond). In ventral cortex (c),
activity covered several inferotemporal visual areas and reached into higher-level form
processing areas. Medially (d), we found clear periodic responses in primary visual
cortex despite the presence of stimuli in the entire visual field. There was also
a retinotopic area on the posterior bank of the parieto-occipital sulcus, most likely
corresponding to human V6, as well as activity in the precuneus bilaterally.

anteriorly, into posterior inferotemporal areas that are impor-
tant for high-level form processing (Hasson et al. 2003). In the
group data, the boundaries of ventral areas were less clear than
in other regions, perhaps due to the wide visual angle of our
stimuli; it has been reported that ventral temporal areas may be
best mapped using stimuli that do not extend far into the
periphery (Brewer et al. 2005).

In primary visual cortex (Fig. 2d), retinotopic maps were
significant, despite the presence of visual stimuli both in the
wedge and the background. Note that here the response to
the more structured biological motion was greater than the
response to the seemingly less structured scrambled biological
motion (if the situation were reversed, the phase of the
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response would have been inverted and incremented by n).
There was also a retinotopic area at the medial border of V3
and V3A, most likely corresponding to human V6, which
exhibits contralateral retinotopy when stimuli covering wide
visual field are used (Galletti et al. 1999; Pitzalis et al. 20006).
Further anteriorly, there were significant responses in the
precuneus. The location of this activation overlaps the parietal
reach region (PRR) (Connolly et al. 2003), but we did not
perform any functional tests to localize the PRR in the present
study.

Phase-Encoded Retinotopy—Stimulus Condition
Behavioral data indicated that the central task that was
intended to keep the subjects’ attention away from the
retinotopic stimuli (2-back working memory at fixation, see
Methods) was more difficult than the task used in the Attention +
Stimulus and Attention conditions. Although subjects were
engaged in the task (mean &' = 1.6; range = 0.90-2.46), they
performed significantly worse in the Stimulus condition than in
the peripheral task (paired #test compared with the Attention +
Stimulus condition, P < 0.05). In line with this, in postexperi-
ment questioning, all subjects found the central working
memory task subjectively harder than the retinotopic task
performed in the other conditions; for example, subjects “were
not even aware [of the simultaneous peripheral stimuli] except
that [they] were there,” or they “had completely tuned it out.”
These behavioral results and subject reports verify our
expectation that there should be a notable attentional
differential in the retinotopic response between the Attention +
Stimulus and Stimulus conditions.

When subjects viewed the exact same retinotopic stimuli as
in the Attention + Stimulus condition, but attended the central
task instead of the retinotopic stimuli, the activation was
significantly reduced in most areas, both in extent and in
strength (Figs 2 and 3—for a particularly easy-to-view
comparison, see Supplementary Fig. S1 where these conditions
are shown together in animated gif format.)

Even as subjects’ attention was withdrawn from the stimuli
and engaged strongly elsewhere, significant responses were
found in some regions. Motion-sensitive areas in lateral
temporal cortex, including the left STS, as well as V3A
exhibited significant activity (Fig. 3a,b), though activity was
slightly reduced in extent compared with the Attention +
Stimulus condition in most of these regions. On the other hand,
frontal and parietal areas showed larger reductions in their
response when attention was not actively directed to the
stimuli. Some retinotopic maps in the dorsal stream including
IPS1 and to a lesser extent IPS2 and FEF still revealed
retinotopy, but only in the left hemisphere (Fig. 3b).

Ventrally retinotopic activity was also reduced in extent (Fig.
3¢); the more anterior and lateral portions of inferotemporal
cortex were no longer responsive—the remaining activity
likely corresponds to V2 and VP and possibly part of V4+.

On the other hand, primary visual cortex (medial view, Fig.
3d) showed significant response, very similar to the Attention +
Stimulus condition. Responses in V6 and precuneus were
present but diminished.

Phase-Encoded Retinotopy—Attention Condition

Behavioral data analysis revealed high sensitivity (mean d' =
2.90, SD = 0.43; range = 2.13-3.39) indicating good attention to
the retinotopic stimuli. This performance was slightly better



Stimulus

Figure 3. Surface-based group average: Stimulus condition. Data have been
analyzed and displayed using the same parameters as in Figure 2. When attention
was not directed to the retinotopic stimuli, there were still significant responses in
lateral temporal areas (a), near LOC and MT+. Activity extended even into the STS
(in the left hemisphere). There was still some activation in IPST and to a lesser degree
in IPS2 (b) and there was even a weak response in the FEF (a)—these were all seen
only in the left hemisphere. In ventral temporal cortex (c), retinotopic activity was
limited to a medial and posterior portion of this area. Primary visual cortex (d)
responded very similarly to the Attention + Stimulus condition.

than in the Attention + Stimulus condition, approaching
significance (paired #test P = 0.00).

The results looked very similar to the Attention + Stimulus
condition when the background stimulus was also biological
motion and subjects attended the retinotopic wedge, with
significant maps in lateral and ventral temporal cortex, the STS,
parietal cortex, the FEF, precentral sulcus, V6, and precuneus
(Fig. 4). Notably, primary visual cortex did not respond with
a well-defined retinotopic map in the absence of a stimulus
contrast (medial view, Fig. 4d).

We ran 2 additional experiments on individual subjects to
verify that activity revealed in this condition was in fact
attention-driven. First, we performed an experiment in which
there was 1) no stimulus contrast (biological motion in the
wedge and the background), 2) the wedge was presented in
a uniform color, and 3) the same central task as in the Stimulus
condition was used (2-back working memory with the color of
the fixation cross). Confirming our predictions, there was no
significant activation at the stimulus frequency under these
conditions, even at lower thresholds (data not shown). Thus,
the uniform color of the point-lights alone is not sufficient to
account for our results. This also ascertained that there was no
other confound in the stimuli correlated with the stimulus
frequency and that the results were not driven by a stimulus
confound (e.g., perceived edges of wedges).

Attention

Left
Visual
Field

Figure 4. Surface-based group average: Attention condition. Data have been
analyzed and displayed using the same parameters as in Figures 2 and 3. The data
looked almost identical to the Attention + Stimulus condition and Figure 2 with
significant, extensive and well-defined responses in lateral temporal (a), ventral
temporal (c), parietal (b), and frontal (a) areas. However, primary visual cortex (d),
especially V1, did not respond clearly in this condition (see Results, Discussion).

Second, we altered the Attention stimulus so that the point-
light figures in the wedge were presented in random colors just
like those in the background. After training outside the
scanner, Subject 3 was scanned in the Attention condition
once more, this time keeping track of the attended wedge for
the duration of each run with no overt cue. The results
(Supplementary Fig. S2) were notably similar to those obtained
with a color cue, indicating these maps are indeed primarily
driven by attention.

Analysis of Variance

To add quantification to the results presented above, we also
performed voxel-by-voxel ANOVA using the signed amplitude
of the Fourier analysis, with subjects as random effects (see
Methods). These data are reported in Supplementary Materials.
To summarize, highly significant Attention effects were found
in posterior parietal cortex (especially in the right hemisphere)
and the FEF, as well as in lateral and ventral temporal cortex.
The Stimulus effect was found in mainly in earlier areas V1, V2,
V3, VP, and V3A.

Individual Cases

Although spherical surface-based averaging methods cause less
blurring than 3D methods, retinotopic areas that are smaller or
that tend to be more variable across subjects might be better
viewed in individual subjects. Exploring individual cases also
makes it possible to examine the agreement between group
results and individual data.
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Figure 5 depicts Subject 3's data for the Attention + Stimulus
condition. In this subject, the responses were similar to those
already presented in the group data (the group data have been
displayed on the cortical surface of Subject 3). This subject had
an especially strong response in the left STS and clear additional
frontal responses in the precentral sulcus. Subject 3 also had
several additional contralateral field representations beyond
IPS2, seen clearly in the left hemisphere. These regions have
recently been studied by Swisher et al. (2007) and subdivided
into areas IPS3 and IPS4 in some subjects. Here, retinotopy also
extended somewhat lateral to those areas, possibly overlapping
with human VIP as defined in Sereno and Huang (2006).

Ventrally, retinotopic activity extended anteriorly, intersect-
ing with this subject’s functionally mapped FFA. In the medial
view, despite the noise caused by image distortions near the tip
of the occipital lobe, primary visual cortex showed the
expected phase pattern, with less blurring than in the average.
This particular subject did not show significant V6 activation.

Retinotopic responses were highly reliable from session to
session. As an example, compare Figure 5 with Supplementary
Figure S2, which shows data from the same subject collected
approximately 6 months apart.

In Figure 6, we show an additional 4 hemispheres (2 left and
2 right) with the data presented on each subject’s own inflated
cortical surface, this time focusing on within-subject atten-
tional modulation of retinotopic activity. As in previous studies,
there was variability in retinotopic organization between
subjects—but the responses were consistent enough to be
conserved across the group after averaging. Subjects showed

Right
Visual
Field

Figure 5. Individual subject data. Shown here are Subject 3’s data from the
Attention + Stimulus condition of the experiment. Visibly saturated phase colors
begin to emerge at P < 107°. Also presented are outlines for this subject's
functionally mapped motion-sensitive cortex (MT+) in the dorsolateral view, face-
sensitive area FFA in the ventral view, as well as V1 borders (based on phase
reversals in the data) in the medial view. Phase spreads are clearer in individual
subject data than in the group average. Dorsally, like in the group data, there were
significant periodic responses in V3A, V7, IPS1, IPS2. The activity continued anteriorly,
laterally and medially to these regions containing distinct areas (likely corresponding
to the recently reported IPS3 and IPS4 as well as the human VIP, Sereno and Huang,
2006; Swisher et al. 2007). Laterally, Subject 3 showed strong responses covering
LOC and MT+. From here, significant activity extended well into the STS in the left
hemisphere. Ventrally responses extended to intersect with FFA.
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extensive activity in temporal, parietal, and frontal regions in
the Attention + Stimulus condition. Withdrawn attention led to
a strong reduction in the responses. Areas in the vicinity of
MT+ proved to be the most resistant to the withdrawal of
attention here (especially see Subject 1) and across other
subjects.

Nomnbiological Motion

We explored whether the present results were specific to
biological motion in a variant of the experiment that featured
nonbiologically moving point-light objects. The retinotopic
higher areas we identified here do not appear to be specifically
driven by biological motion, and were at least similarly
activated by coherently but nonbiologically moving objects
comprised of point-lights (Supplementary Materials). This is
consistent with our general finding that higher areas are
primarily attention driven.

Discussion

In the last few years, distinct topographic regions in higher
cortical areas have been studied by different groups (e.g., Silver
et al. 2005; Hagler and Sereno 2006; Larsson and Heeger 2006;
Pitzalis et al. 2006; Kastner et al. 2007; Swisher et al. 2007).
Here, like those studies, we identified topographic maps in V0,
lateral occipital cortex, several areas in the vicinity of the IPS
and the FEF, but all at the same time. In addition, we identified
retinotopy in a large portion of lateral temporal cortex
extending anteriorly from MT/MST into the STS and a region
in the precuneus that may correspond to the human PRR.

Retinotopic activity in the human brain changes in steps
from primarily stimulus driven to primarily attention driven.
Retinotopy in early areas—especially primary visual cortex—
appears primarily stimulus driven and shows small attentional
modulation compared with higher areas (Tootell et al. 1998).
Retinotopy in motion-sensitive areas shows attentional modu-
lation, but also shows sensitivity to stimulus structure in the
absence of attention. Retinotopy in parietal and frontal regions
known to be involved in spatial orienting and attentional
control (Kastner and Ungerleider 2000; Corbetta and Shulman
2002; Pessoa et al. 2003) is strongly and primarily driven by
attention.

Motion-Sensitive Cortex

Lateral temporal retinotopy covers several motion-sensitive
areas. The region activated here extending into the STS almost
certainly includes more than the previously studied retinotopic
LO regions, MT and MST (Huk et al. 2002; Larsson and Heeger
20006). In contrast to our human data, areas beyond MT have
shown little or no retinotopy in monkeys (see Nelissen et al.
20006). It remains to be determined whether this difference is
due to experimental factors (stimuli, phase-encoded mapping),
or to actual cross-species differences.

As shown in Supplementary Figure 3, the retinotopic activity
in lateral temporal cortex overlaps brain areas responsive to
biological motion, the stimuli used in the present study
(Grossman et al. 2000; Saygin et al. 2004).

Even though lateral temporal cortex exhibited attentional
modulation, these regions were active even when subjects did
not attend to the stimuli. This was true both at the group level
and for individual subjects. It appears that these areas represent
the stimuli retinotopically even in the absence of attention.
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Figure 6. Additional cases showing attentional modulation of periodic activity. An additional 4 hemispheres data are shown for Attention + Stimulus and Stimulus conditions.
Visibly saturated phase colors begin to emerge at P < 10~ in these images. As already seen in the group data, these subjects showed significant responses in parietal, temporal
and frontal regions, with individual differences in each region. For all 4 hemispheres, phase spreads can clearly be seen in lateral temporal cortex, with MT retinotopy identifiable
as a gradient from posterior lower fields to anterior upper fields, as expected from previous primate and human data. All subjects showed notable reductions in activity when
attention was not directed to the retinotopic stimuli. In some subjects (Subject 1), the reductions in parietal and frontal responses were especially drastic. MT+ region remained

active even when attention was withdrawn from the retinotopic stimulus.

Parietal and Frontal Cortex

Detailed spatial representations in human cortex are not
restricted to early visual areas, but continue to higher levels
of processing, all the way to frontal cortex. In the present
study, we saw clear, strong, attention-driven retinotopic
activity in multiple parietal and frontal areas.

Recently, it was suggested that phase-encoded methods
might give biased results in higher areas and that a measure of
contralateral preference is more reliable than within-hemifield
retinotopy (Jack et al. 2007). Contralateral-ipsilateral biases are
likely to be more significant than within-hemifield biases
because the average distance between ipsilateral and contra-
lateral receptive field centers are larger than the average
distance between, for example, receptive fields with polar
angles from 12 o’clock to 2 o’clock (the “vertical meridian”)
and those from 2 o'clock to 4 o'clock (the “horizontal
meridian”) within 1 hemifield. Also, as receptive field size
increases, the periodic modulation of a phase-encoded signal
will be reduced (cf. Tootell et al. 1997). However, we still see
significant modulation in single subjects; and the fact that
retinotopic organization in parietal and frontal areas survives in
cross-subject averages strongly argues that the present results
are not merely an artifact of amplifying noise in randomly
distributed receptive field centers.

It is clear that there are one or more retinotopic areas
anterior and lateral to IPS2 as reported recently (Swisher et al.
2007). The lateral edge of the anterior parietal activity in our
data also overlaps with the putative homologue of macaque VIP
(Sereno and Huang 20006). V7, the intraparietal areas, and the
FEF are predominantly attention-driven, in contrast to superior
occipital area V3A, which responded equally well in the
Stimulus + Attention and Stimulus conditions. This pattern
agrees well with the literature on the neural correlates of self-
directed attention (Kincade et al. 2005).

The topography of the FEF region was studied recently using
eye movement tasks by Hagler et al. (2007) and Kastner et al.
(2007). Frontal areas, specifically the FEF have long been
known to receive topographic connections from posterior

areas (Schall et al. 1995), and spatially specific modulatory
influences of FEF on retinotopic cortex has recently been
demonstrated in the human brain (Ruff et al. 2006). We now
see that the human FEF exhibit retinotopy that can be driven by
attention alone.

There were weak but significant responses to the retino-
topic stimuli in parietal and to a lesser extent in frontal cortex
even in the withdrawn attention condition. This could be due
to the inherent salience of these stimuli (e.g., monkey lateral
intraparietal area neurons are known to represent salient
sensory stimuli that are not, but might become behaviorally
relevant, Gottlieb et al. 1998). It is not immediately clear why
this activity was stronger in the left hemisphere given that the
maps were contralateral. In individual subjects there were
exceptions to this pattern of lateralization.

In the majority of spatial attention studies, classical attention
areas have either been shown to have no spatial selectivity or
only a coarse spatial representation (e.g., Corbetta et al. 2005;
Wilson et al. 2005; Serences and Yantis 2007). Here however,
we showed that attention to particular spatial locations is
accompanied by precise predictable changes in the locus of
activity in retinotopic maps in intraparietal and frontal cortex.
The relative scarcity of similar results in previous studies may
be due in part to 3D blurring typically applied in volume-based
group averages. The spatial extent of the stimuli (compare
Serences and Yantis 2007 with Yantis et al. 2002; Serences et al.
2005) and stimulus modality (Macaluso et al. 2003) might also
be relevant to whether these modulations are detected.

Inferotemporal Cortex

In inferotemporal cortex, retinotopic activation covered V4 +
and extended anteriorly overlapping with the FFA in individual
cases. Inferotemporal cortex exhibited both attentional mod-
ulation as well as stimulus-driven activity.

Early Visual Cortex

Given that neurons in early areas have small receptive fields,
presenting visual stimuli covering the entire visual field could
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well have led to no retinotopic response from primary visual
cortex. Instead, activity here resembled maps obtained using
stimuli that are optimal for these areas, even when subjects did
not attend the stimuli (Sereno et al. 1995). On the other hand,
the maps were disrupted when there was no stimulus contrast
between the wedge and the background, even when subjects
attended to the wedge. It is likely that the responses in V1 are
due to the perceived difference between the wedge and the
background, rather than the specific contents of the wedge: V1
is not known to respond better to structure-from-motion, has
not shown a preference for biological motion (Grossman et al.
2000; Saygin et al. 2004), and in fact may have a preference for
unstructured motion (Braddick et al. 2001; Murray et al. 2002).

Attentional modulation of neural activity in higher areas but
not in primary visual cortex has been reported in neurophys-
iological studies of nonhuman primates (McAdams and
Maunsell 1999; Cook and Maunsell 2002). On the other hand,
human fMRI studies were repeatedly able to show attentional
effects in early visual cortex including V1 (Brefczynski and
DeYoe 1999; Gandhi et al. 1999; Kastner et al. 1999; Martinez
et al. 1999; Somers et al. 1999). It is possible that the present
study did not reveal reliable attentional modulation of
retinotopic activity in V1 due to insufficient statistical power.
Also, image distortions at 3T due to BO inhomogeneties are
especially prominent in posterior and posterior-medial cortex
where V1 is located, even after field map corrections. At the
very least, the present data show that the maps in V1 are not
driven as strongly by attention as those in higher areas, a finding
which is consistent with both the neurophysiology and the
human neuroimaging data.

“Attention-otopy”’

Several years ago, in their classic study, Brefczynski and DeYoe
(1999) reported that directing attention to different locations
in space leads to increased fMRI activity in the cortical
representation of those locations in primary visual cortex even
when the stimulus is kept well controlled. Recently, Silver et al.
(2005) reported a related result in dorsal stream areas. In the
Attention condition here, we were able to reveal the full extent
of topographic activity that is driven in temporal, parietal and
frontal cortex as attention moves across space.

Topography, Vision, and Attention

Multiple cortical areas exhibit activity correlated with the
retinotopic position of visual stimuli. The areas differ in the
degree to which these responses are modulated by visual
stimuli or by attention: Some areas (early visual cortex) are
primarily driven by stimuli, whereas others (parietal and frontal
cortex) exhibit primarily attention-driven retinotopy. There are
also areas (motion-sensitive cortex) that maintain a reliable
retinotopic response to the stimuli even in the absence of
attention. These findings indicate that retinotopic representa-
tions in different areas may have varying functional roles during
perception and spatial attention. In general, we propose that
retinotopic maps in higher areas are not epiphenomenal.
Instead, they actively subserve and may provide an infrastruc-
ture for spatial tasks such as attention.

Supplementary Material

Supplementary material
oxfordjournals.org/

can be found at: http://www.cercor.

2166 Retinotopy and Attention Saygin and Sereno

Funding

National Science Foundation grant (BCS 0224321) to M.LS,; and
European Commission Marie Curie grant (FP6-025044) to A.P.S.

Notes

We thank D. J. Hagler for developing group analysis software; S. M.
Wilson for help with visual stimuli; R. Buxton, E. Wong, T. Liu, and L.
Frank at the University of California San Diego fMRI Center for scan
time and pulse sequences; F. Dick, J. Driver, and G. Rees for their
comments on the manuscript. Conflict of Interest: None declared.

Address correspondence to A. P. Saygin, PhD, UCL Institute of
Cognitive Neuroscience, 17 Queen Square, London WCIN 3AR, UK.
Email: a.saygin@fil.ion.uclac.uk.

References

Ahlstrom V, Blake R, Ahlstrom U. 1997. Perception of biological motion.
Perception. 26:1539-1548.

Avillac M, Deneve S, Olivier E, Pouget A, Duhamel JR. 2005. Reference
frames for representing visual and tactile locations in parietal
cortex. Nat Neurosci. 8:941-949.

Baldi P, Heiligenberg W. 1988. How sensory maps could enhance
resolution through ordered arrangements of broadly tuned
receivers. Biol Cybern. 59:313-318.

Boynton GM. 2005. Attention and visual perception. Curr Opin
Neurobiol. 15:465-469.

Braddick OJ, O'Brien JM, Wattam-Bell J, Atkinson J, Hartley T, Turner R.
2001. Brain areas sensitive to coherent visual motion. Perception.
30:61-72.

Brainard DH. 1997. The psychophysics toolbox. Spat Vis. 10:433-436.

Brefczynski JA, DeYoe EA. 1999. A physiological correlate of the
‘spotlight’ of visual attention. Nat Neurosci. 2:370-374.

Brewer AA, Liu J, Wade AR, Wandell BA. 2005. Visual field maps and
stimulus selectivity in human ventral occipital cortex. Nat Neurosci.
8:1102-1109.

Connolly JD, Andersen RA, Goodale MA. 2003. FMRI evidence for a
‘parietal reach region’ in the human brain. Exp Brain Res. 153:
140-145.

Cook EP, Maunsell JH. 2002. Attentional modulation of behavioral
performance and neuronal responses in middle temporal and
ventral intraparietal areas of macaque monkey. ] Neurosci. 22:
1994-2004.

Corbetta M, Shulman GL. 2002. Control of goal-directed and stimulus-
driven attention in the brain. Nat Rev Neurosci. 3:201-215.

Corbetta M, Tansy AP, Stanley CM, Astafiev SV, Snyder AZ, Shulman GL.
2005. A functional MRI study of preparatory signals for spatial
location and objects. Neuropsychologia. 43:2041-2056.

Cox RW. 1996. AFNI: software for analysis and visualization of
functional magnetic resonance neuroimages. Comput Biomed Res.
29:162-173.

Dale AM, Fischl B, Sereno ML 1999. Cortical surface-based analysis. 1.
Segmentation and surface reconstruction. Neuroimage. 9:179-194.

Felleman DJ, Van Essen DC. 1991. Distributed hierarchical processing in
the primate cerebral cortex. Cereb Cortex. 1:1-47.

Fischl B, Sereno MI, Dale AM. 1999. Cortical surface-based analysis. II:
Inflation, flattening, and a surface-based coordinate system. Neuro-
image. 9:195-207.

Fischl B, Sereno MI, Tootell RB, Dale AM. 1999. High-resolution
intersubject averaging and a coordinate system for the cortical
surface. Hum Brain Mapp. 8:272-284.

Galletti C, Fattori P, Gamberini M, Kutz DF. 1999. The cortical visual
area VO6: brain location and visual topography. Eur J Neurosci.
11:3922-3936.

Gandhi SP, Heeger DJ, Boynton GM. 1999. Spatial attention affects brain
activity in human primary visual cortex. Proc Natl Acad Sci USA.
96:3314-3319.

Gattass R, Nascimento-Silva S, Soares JG, Lima B, Jansen AK, Diogo AC,
Farias MF, Botelho MM, Mariani OS, Azzi ], et al. 2005. Cortical visual
areas in monkeys: location, topography, connections, columns,


http://www.cercor.oxfordjournals.org/
http://www.cercor.oxfordjournals.org/

plasticity and cortical dynamics. Philos Trans R Soc Lond B Biol Sci.
360:709-731.

Gottlieb JP, Kusunoki M, Goldberg ME. 1998. The representation of
visual salience in monkey parietal cortex. Nature. 391:481-484.
Grossman E, Donnelly M, Price R, Pickens D, Morgan V, Neighbor G,
Blake R. 2000. Brain areas involved in perception of biological

motion. J Cogn Neurosci. 12:711-720.

Hadjikhani N, Liu AK, Dale AM, Cavanagh P, Tootell RB. 1998.
Retinotopy and color sensitivity in human visual cortical area V8.
Nat Neurosci. 1:235-241.

Hagler DJ Jr, Riecke L, Sereno MI. 2007. Parietal and superior frontal
visuospatial maps activated by pointing and saccades. Neuroimage.
35:1562-1577.

Hagler DJ Jr, Saygin AP, Sereno MIL 2006. Smoothing and cluster
thresholding for cortical surface-based group analysis of fMRI data.
Neuroimage. 33:1093-1103.

Hagler DJ Jr, Sereno ML 2006. Spatial maps in frontal and prefrontal
cortex. Neuroimage. 29:567-577.

Hasson U, Harel M, Levy I, Malach R. 2003. Large-scale mirror-symmetry
organization of human occipito-temporal object areas. Neuron.
37:1027-1041.

Huk AC, Dougherty RF, Heeger DJ. 2002. Retinotopy and functional
subdivision of human areas MT and MST. J Neurosci. 22:7195-7205.

Ikeda H, Blake R, Watanabe K. 2005. Eccentric perception of biological
motion is unscalably poor. Vision Res. 45:1935-1943.

Jack Al, Patel GH, Astafiev SV, Snyder AZ, Akbudak E, Shulman GL,
Corbetta M. 2007. Changing human visual field organization from
early visual to extra-occipital cortex. PLoS ONE. 2:e452.

Johansson G. 1973. Visual perception of biological motion and a model
for its analysis. Percept Psychophys. 14:201-211.

Kaas JH, Morel A. 1993. Connections of visual areas of the upper
temporal lobe of owl monkeys: the MT crescent and dorsal and
ventral subdivisions of FST. J Neurosci. 13:534-546.

Kanwisher N, McDermott J, Chun MM. 1997. The fusiform face area:
a module in human extrastriate cortex specialized for face
perception. ] Neurosci. 17(11):4302-4311.

Kastner S, DeSimone K, Konen CS, Szczepanski SM, Weiner KS,
Schneider KA. 2007. Topographic maps in human frontal cortex
revealed in memory-guided saccade and spatial working-memory
tasks. ] Neurophysiol. 97:3494-3507.

Kastner S, Pinsk MA, De Weerd P, Desimone R, Ungerleider LG. 1999.
Increased activity in human visual cortex during directed attention
in the absence of visual stimulation. Neuron. 22:751-761.

Kastner S, Ungerleider LG. 2000. Mechanisms of visual attention in the
human cortex. Annu Rev Neurosci. 23:315-341.

Kincade JM, Abrams RA, Astafiev SV, Shulman GL, Corbetta M. 2005. An
event-related functional magnetic resonance imaging study of
voluntary and stimulus-driven orienting of attention. ] Neurosci.
25:4593-4604.

Larsson J, Heeger DJ. 2006. Two retinotopic visual areas in human
lateral occipital cortex. J Neurosci. 26:13128-13142.

Lavie N. 2005. Distracted and confused?: selective attention under load.
Trends Cogn Sci. 9:75-82.

Macaluso E, Driver J, Frith CD. 2003. Multimodal spatial representations
engaged in human parietal cortex during both saccadic and manual
spatial orienting. Curr Biol. 13:990-999.

Martinez A, Anllo-Vento L, Sereno MI, Frank LR, Buxton RB,
Dubowitz DJ, Wong EC, Hinrichs H, Heinze HJ, Hillyard SA. 1999.
Involvement of striate and extrastriate visual cortical areas in spatial
attention. Nat Neurosci. 2:364-369.

Maunsell JH, Van Essen DC. 1987. Topographic organization of
the middle temporal visual area in the macaque monkey:
representational biases and the relationship to callosal connections
and myeloarchitectonic boundaries. J Comp Neurol. 266(4):
535-555.

McAdams CJ, Maunsell JH. 1999. Effects of attention on orientation-
tuning functions of single neurons in macaque cortical area V4.
J Neurosci. 19:431-441.

Murray SO, Kersten D, Olshausen BA, Schrater P, Woods DL. 2002.
Shape perception reduces activity in human primary visual cortex.
Proc Natl Acad Sci USA. 99:15164-15169.

Nelissen K, Vanduffel W, Orban GA. 2006. Charting the lower superior
temporal region, a new motion-sensitive region in monkey superior
temporal sulcus. J Neurosci. 26:5929-5947.

Pessoa L, Kastner S, Ungerleider LG. 2003. Neuroimaging studies of
attention: from modulation of sensory processing to top-down
control. ] Neurosci. 23:3990-3998.

Pitzalis S, Galletti C, Huang RS, Patria F, Committeri G, Galati G,
Fattori P, Sereno MI. 2006. Wide-field retinotopy defines human
cortical visual area v6. J Neurosci. 26:7962-7973.

Reber PJ, Wong EC, Buxton RB, Frank LR. 1998. Correction of off
resonance-related distortion in echo-planar imaging using EPI-based
field maps. Magn Reson Med. 39:328-330.

Ruff CC, Blankenburg F, Bjoertomt O, Bestmann S, Freeman E,
Haynes JD, Rees G, Josephs O, Deichmann R, Driver J. 20006.
Concurrent TMS-fMRI and psychophysics reveal frontal influences
on human retinotopic visual cortex. Curr Biol. 16:1479-1488.

Saygin AP, Wilson SM, Hagler DJ Jr, Bates E, Sereno ML 2004. Point-light
biological motion perception activates human premotor cortex.
J Neurosci. 24:6181-6188.

Schall JD. 2004. On the role of frontal eye field in guiding attention and
saccades. Vision Res. 44:1453-1467.

Schall JD, Morel A, King DJ, Bullier J. 1995. Topography of visual cortex
connections with frontal eye field in macaque: convergence and
segregation of processing streams. ] Neurosci. 15:4464-4487.

Schluppeck D, Curtis CE, Glimcher PW, Heeger DJ. 20006. Sustained
activity in topographic areas of human posterior parietal cortex
during memory-guided saccades. ] Neurosci. 26:5098-5108.

Schluppeck D, Glimcher P, Heeger DJ. 2005. Topographic organization
for delayed saccades in human posterior parietal cortex. J
Neurophysiol. 94:1372-1384.

Schwartz S, Vuilleumier P, Hutton C, Maravita A, Dolan RJ, Driver J. 2005.
Attentional load and sensory competition in human vision: modula-
tion of fMRI responses by load at fixation during task-irrelevant
stimulation in the peripheral visual field. Cereb Cortex. 15:770-7806.

Serences JT, Shomstein S, Leber AB, Golay X, Egeth HE, Yantis S. 2005.
Coordination of voluntary and stimulus-driven attentional control in
human cortex. Psychol Sci. 16:114-122.

Serences JT, Yantis S. 2000. Selective visual attention and perceptual
coherence. Trends Cogn Sci. 10:38-45.

Serences JT, Yantis S. 2007. Spatially selective representations of
voluntary and stimulus-driven attentional priority in human
occipital, parietal, and frontal cortex. Cereb Cortex. 17:284-293.

Sereno MI, Allman JM. 1991. Cortical visual areas in mammals. In:
Leventhal AG, editor. The neural basis of visual function. London:
Macmillan. p. 160-172.

Sereno MI, Dale AM, Reppas JB, Kwong KK, Belliveau JW, Brady TJ,
Rosen BR, Tootell RB. 1995. Borders of multiple visual areas in
humans revealed by functional magnetic resonance imaging.
Science. 268:889-893.

Sereno MI, Huang RS. 2006. A human parietal face area contains aligned
head-centered visual and tactile maps. Nat Neurosci. 9:1337-1343.

Sereno MI, Pitzalis S, Martinez A. 2001. Mapping of contralateral space
in retinotopic coordinates by a parietal cortical area in humans.
Science. 294:1350-1354.

Sereno MI, Saygin AP, Hagler DJ Jr. 2003. Retinotopy in parietal and
temporal cortex. Neuroimage. 19:51523.

Sereno MJ, Tootell RB. 2005. From monkeys to humans: what do we now
know about brain homologies? Curr Opin Neurobiol. 15:135-144.
Silver MA, Ress D, Heeger DJ. 2005. Topographic maps of visual spatial

attention in human parietal cortex. ] Neurophysiol. 94:1358-1371.

Somers DC, Dale AM, Seiffert AE, Tootell RB. 1999. Functional MRI
reveals spatially specific attentional modulation in human primary
visual cortex. Proc Natl Acad Sci USA. 96:1663-1668.

Swisher JD, Halko MA, Merabet LB, McMains SA, Somers DC. 2007. Visual
topography of human intraparietal sulcus. J Neurosci. 27:5326-5337.

Tootell RB, Hadjikhani N, Hall EK, Marrett S, Vanduffel W, Vaughan JT,
Dale AM. 1998. The retinotopy of visual spatial attention. Neuron.
21:1409-1422.

Tootell RB, Mendola JD, Hadjikhani NK, Ledden PJ, Liu AK, Reppas JB,
Sereno MI, Dale AM. 1997. Functional analysis of V3A and related
areas in human visual cortex. J Neurosci. 17:7060-7078.

Cerebral Cortex September 2008, V 18 N 9 2167



Tootell RB, Reppas JB, Kwong KK, Malach R, Born RT, Brady TJ,
Rosen BR, Belliveau JW. 1995. Functional analysis of human MT and
related visual cortical areas using magnetic resonance imaging. J
Neurosci. 15(4):3215-3230.

Troje NF, Westhoff C. 2006. The inversion effect in biological motion
perception: evidence for a “life detector”? Curr Biol. 16:821-824.

Vallortigara G, Regolin L, Marconato F. 2005. Visually inexperienced
chicks exhibit spontaneous preference for biological motion
patterns. PLoS Biol. 3:¢208.

2168 Retinotopy and Attention Saygin and Sereno

Wade AR, Brewer AA, Rieger JW, Wandell BA. 2002. Functional
measurements of human ventral occipital cortex: retinotopy and
colour. Philos Trans R Soc Lond B Biol Sci. 357:963-973.

Wilson KD, Woldorff MG, Mangun GR. 2005. Control networks and
hemispheric asymmetries in parietal cortex during attentional ori-
enting in different spatial reference frames. Neuroimage. 25:668-683.

Yantis S, Schwarzbach J, Serences JT, Carlson RL, Steinmetz MA, Pekar JJ,
Courtney SM. 2002. Transient neural activity in human parietal
cortex during spatial attention shifts. Nat Neurosci. 5:995-1002.



