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Attentional Facilitation throughout Human Visual Cortex
Lingers in Retinotopic Coordinates after Eye Movements
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With each eye movement, the image of the world received by the visual system changes dramatically. To maintain stable spatiotopic
(world-centered) visual representations, the retinotopic (eye-centered) coordinates of visual stimuli are continually remapped, even
before the eye movement is completed. Recent psychophysical work has suggested that updating of attended locations occurs as well,
although on a slower timescale, such that sustained attention lingers in retinotopic coordinates for several hundred milliseconds after
each saccade. To explore where and when this “retinotopic attentional trace” resides in the cortical visual processing hierarchy, we
conducted complementary functional magnetic resonance imaging and event-related potential (ERP) experiments using a novel gaze-
contingent task. Human subjects executed visually guided saccades while covertly monitoring a fixed spatiotopic target location. Al-
though subjects responded only to stimuli appearing at the attended spatiotopic location, blood oxygen level-dependent responses to
stimuli appearing after the eye movement at the previously, but no longer, attended retinotopic location were enhanced in visual cortical
area V4 and throughout visual cortex. This retinotopic attentional trace was also detectable with higher temporal resolution in the
anterior N1 component of the ERP data, a well established signature of attentional modulation. Together, these results demonstrate that,
when top-down spatiotopic signals act to redirect visuospatial attention to new retinotopic locations after eye movements, facilitation
transiently persists in the cortical regions representing the previously relevant retinotopic location.

Introduction
An essential function of the visual system is to maintain stable
representations of the environment across saccadic eye move-
ments. As the eyes move, the retinotopic (eye-centered) positions
of objects change, whereas their spatiotopic (world-centered) po-
sitions remain stable. How does the visual system resolve the
intrinsic instability of a retinotopic representation in the face of
almost continuous eye movements? One idea is that the apparent
stability of visual perception is attributable in part to neural
“remapping,” where the spatial receptive field of a neuron is up-
dated with each saccade, often before the saccade is completed. A
remapped neuron may exhibit an anticipatory response before
the saccade to a stimulus presented in its future receptive field or
it may simply respond to the “memory trace” of that same stim-
ulus once the saccade has brought it into the now-current recep-
tive field (Duhamel et al., 1992; Nakamura and Colby, 2002;
Kusunoki and Goldberg, 2003; Merriam et al., 2003; Melcher,
2007; Parks and Corballis, 2008). In both types of remapping, the

response is to a stimulus presented before the saccade, even if the
response continues after the saccade. Conversely, when stimuli
are presented after completion of the saccade, responses are re-
stricted to stimuli appearing in the appropriate, current receptive
field location (Kusunoki and Goldberg, 2003).

In a recent psychophysics study, we reported a different effect
when sustained, endogenous attention is engaged: when subjects
performed a task requiring sustained attention at a spatiotopic
location, stimuli presented up to 150 ms after the saccade still
revealed behavioral facilitation at the previously relevant retino-
topic location (Golomb et al., 2008). This phenomenon, termed
the “retinotopic attentional trace,” is robust across various exper-
imental manipulations emphasizing spatiotopic over retinotopic
representations (Golomb et al., 2010). Importantly, the converse
is not true; spatiotopic facilitation is completely absent in tasks
emphasizing retinotopic representations (Golomb et al., 2008).

The retinotopic attentional trace is consistent with a neural
model in which attentional salience maps operate primarily in a
retinotopic reference frame. Topographic maps of visual space
have been discovered across various regions of human cortex
(Sereno et al., 1995; Engel et al., 1997; Kastner et al., 2007; Saygin
and Sereno, 2008), many of which, particularly in occipital cor-
tex, operate in a retinotopic reference frame (Gardner et al.,
2008). Many of these visual areas also update their transient vi-
sual representations in conjunction with saccades (Medendorp et
al., 2003; Merriam et al., 2003, 2007), presumably based on input
from efferent oculomotor signals (Sommer and Wurtz, 2006)
and/or spatiotopic signals arising from other brain regions
(Zipser and Andersen, 1988; Duhamel et al., 1997; Snyder et al.,
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1998). However, when a locus of endogenous attention must be
sustained across a saccade, facilitation built up before the saccade
in retinotopically organized areas may take time to decay, result-
ing in a retinotopic attentional trace of neural facilitation. In this
report, we conducted complementary functional magnetic reso-
nance imaging (fMRI) and event-related potential (ERP) studies
in human observers to address the question of where and when in
the hierarchy of cortical visual processing the retinotopic atten-
tional trace resides.

Materials and Methods
Subjects. Six subjects (five female; mean age, 22.8 years; range, 20 –26
years) were included in the fMRI study, and 14 (eight female; mean age,
23.1 years; range, 20 –28 years) in the ERP study. All subjects were neu-
rologically intact with normal or corrected-to-normal vision and had
extensive experience as psychophysics and eye-tracking subjects; four
subjects participated in both studies, and two subjects (J.G., A.N.P.) were
also authors. Each fMRI subject participated in multiple scanning ses-
sions (two to six sessions of 1.5–2 h) to obtain extensive data for the main
task. Five of the six fMRI subjects were also brought in for one to two
additional scanning sessions for more extensive retinotopic mapping (the
sixth subject acquired a metal implant and could no longer be scanned;
however, sufficient mapping data were acquired during the initial sessions to
obtain basic maps).

Each ERP subject participated in a single 2 h session [including elec-
troencephalogram (EEG) and eye-tracker setup time]. One subject who
had initial difficulty with the eye tracker was brought back for a second
session to obtain enough data. Four additional subjects were recruited for
the experiment but excluded from analyses because difficulty with the
system setup prevented us from acquiring the full set of data (two sub-
jects) or eye-tracker calibration and/or subject error resulted in insuffi-
cient experimental power once error trials (fixation breaks or false-alarm
responses) were excluded from analyses (two subjects).

Informed consent was obtained for all subjects, and the study proto-
cols were approved by the Human Investigation Committee of the Yale
School of Medicine and the Human Subjects Committee of the Faculty of
Arts and Sciences at Yale University.

Experimental setup. Stimuli were generated using the Psychtoolbox ex-
tension (Brainard, 1997) for Matlab (MathWorks). During fMRI scanning,
stimuli were displayed with a liquid crystal display projector onto a screen
mounted in the rear of the scanner bore, which subjects viewed from a
distance of 79 cm via a mirror attached to the head coil (maximal field of
view, 23.5°). Eye position was monitored using a modified ISCAN eye-
tracking system, in which the camera and infrared source were attached to
the head coil above the mirror. ERP stimuli were presented on a 19-inch
flat-screen cathode ray tube monitor. Subjects were seated at a chinrest po-
sitioned 60 cm from the monitor, so that the entire display subtended 32 �
20° visual angle. Eye position was monitored using an ASL 5000 eye-tracking
system (Applied Science Laboratories). For both tasks, pupil and corneal
reflection (CR) position were recorded at 60 Hz, and gaze angle (pupil-CR)
was computed online to obtain accurate timing of saccades for gaze-
contingent displays and to ensure that subjects remained fixated (within 1.8°
of the fixation dot) during the remainder of the task.

fMRI task and stimuli. Subjects covertly monitored a fixed, centrally
positioned spatiotopic location (“target” location) while making guided
saccades among four different fixation locations surrounding this central
target (Fig. 1). Each trial began with a white fixation dot (0.29° in diam-
eter) that appeared at one of the four possible fixation locations, arranged
as the corners of a 9.4° � 9.4° square centered on the spatiotopic target
location. On a given trial, subjects either remained fixated at the original
location (“no-saccade trials”) or made a guided saccade, 9.4° in either the
vertical or horizontal direction, to the indicated location (“saccade tri-
als”). All possible fixation and saccade locations were tested an equal
number of times, and order was counterbalanced within each block of
trials; to minimize the occurrence of non-task-related eye movements,
the counterbalancing was done such that every trial began at the fixation
location where the previous trial had ended.

To probe attentional topography, Gabor patch stimuli were presented
at various delays before and after saccades; subjects were instructed to
attend and respond only to stimuli appearing at the spatiotopic target
location; stimuli appearing at retinotopic and control nontarget loca-
tions were to be ignored. Probe stimuli were high contrast (92%), high
spatial frequency (4.75 cycles/°) Gabor patches (Gaussian-modulated
sine waves) sized 1.96° � 1.96° (� � 0.56°) and oriented 45° to either the
left or right of vertical. On each trial, an array of nine randomly oriented
probe stimuli appeared simultaneously after a variable delay. The probe
and fixation locations were arranged such that a probe always appeared
in the central target location, which occupied a different quadrant of the
visual field for each fixation location (Fig. 1a,b, insets). There were no
exogenous cues differentiating the target location from the other probe
locations, and thus equivalent visual stimulation was provided in all four
quadrants at the target eccentricity (6.65°).

Trial progression is illustrated in Figure 1. On saccade trials, the fixa-
tion dot remained on the screen for a few seconds before jumping to a
new fixation location. Subjects were instructed to immediately saccade to
the new fixation location while maintaining attention at the central target
location. Eye position was monitored online to obtain sensitive timing of
saccade completion; once fixation was successfully acquired at the new
location, the probe array was presented after a delay of either 50 ms
(“saccade early-delay trials”) or 1550 ms (“saccade later-delay trials”).
The probe array was presented for 250 ms, immediately followed by an
array of identically sized visual masks (plaid Gabors constructed of the
sum of the two oriented Gabors) for 250 ms. Subjects were instructed to
make an unspeeded two-alternative forced-choice button press to report
the orientation (leftward or rightward tilt) of the probe stimulus appear-
ing at the target location. The brief, masked presentation of the probe
stimuli required subjects to maintain attention at the target location to
successfully perform the task. Saccade and no-saccade trials were intermixed
to further ensure that subjects were actively attending to the target location
before and after the saccade.

Once the masks were extinguished, the fixation dot dimmed to gray for
18 s to allow the slow event-related hemodynamic response to decay
before the next trial. Subjects were allowed to blink during this period but
were instructed to otherwise maintain fixation. Each scanning run con-
sisted of 32 trials total, with eight trials each of no-saccade early, no-
saccade later, saccade early, and saccade later trial types. Over the course
of multiple scanning sessions, each subject completed between 64 and
120 trials per trial type. To ensure accurate fixation and saccade behavior,
we analyzed eye traces offline and discarded trials in which subjects fix-
ated for �85% of the trial (indicating fixation breaks beyond normal
blinking) or took longer than 600 ms to complete the saccade. The num-
ber of rejected trials did not differ across the four trial types (F � 1), and
the number of remaining trials included in the analysis ranged from 55 to
120 slow event-related trials per condition, per subject.

Gaze-contingent timing of probe delays. As mentioned above, on sac-
cade trials, the probe array was presented after a delay of either 50 ms
(saccade early-delay trials) or 1550 ms (saccade later-delay trials) after
the saccade. Because we have demonstrated previously that retinotopic
facilitation is maximal during the first 50 –100 ms after the saccade
(Golomb et al., 2008), it was critical to ensure that the early-delay stimuli
were presented precisely within this range. We thus time-locked stimulus
presentation on each trial to completion of the saccade, as opposed to
fMRI image acquisition, to account for trial-to-trial variation in saccadic
latency. So that probe stimulus presentation would be as synchronized as
possible to fMRI image acquisition, we calculated the subject’s average
saccadic latency after each block of trials and used this average latency to
dynamically adjust trial timing such that completion of the saccade cor-
responded as closely as possible with the fMRI image acquisition pulse
occurring 3 s into the trial.

In other words, if the saccadic latency on a trial was exactly equal to the
calculated average, the saccade would be completed at 3000 ms into the
trial, and probe stimuli would be presented at 3050 ms for an early-delay
trial or 4550 ms for a later-delay trial. In reality, across all included trials,
the mean � SD stimulus onset times were 3079.7 � 94.3 ms for early
delays and 4581.9 � 53.4 ms for later delays. On no-saccade trials, the
fixation dot never moved and the probe array appeared while subjects
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were still fixating the original location, at �1550 ms (no-saccade early
trials) and 3050 ms (no-saccade later trials). Stimulus onset time was
jittered using the average saccade time to make these trials as similar as
possible to the saccade trials; actual stimulus onset times were 1563.2 �
42.6 and 3058.8 � 43.3 ms.

fMRI data acquisition and preprocessing. MRI scanning was performed
with a Siemens Trio 3 T scanner using an eight-channel receiver array
head coil. Functional data was acquired with a T2*-weighted gradient-
echo sequence (repetition time, 1500 ms; echo time, 25 ms; flip angle,
80°; matrix, 64 � 64). Twenty-six slices (3 mm thick, 0 mm gap) were
taken oriented parallel to the calcarine sulcus to obtain full coverage

of occipital and parietal cortex with a 3 mm
isotropic voxel resolution. The functional
data were coregistered with a T1-weighted
anatomical sequence of the same slice orien-
tation acquired during each scanning session
and a high-resolution three-dimensional
magnetization-prepared rapid-acquisition
gradient echo anatomical scan acquired once
per subject.

Preprocessing of the data was done using
Brain Voyager QX (Brain Innovation). The
first six volumes of each functional run were
discarded, and the remaining data were cor-
rected for slice acquisition time and head
motion, temporally high-pass filtered, and
normalized into Talairach space (Talairach
and Tournoux, 1988). The high-resolution
three-dimensional anatomical images were
used to create flattened representations of the
cortical surface for each hemisphere, after seg-
menting the gray and white matter, inflating
the cortical sheet, and cutting and unfolding
the inflated brain along five segments, includ-
ing the calcarine sulcus. Data were exported to
Matlab (MathWorks) using the Brain Voyager
BVQXtools Matlab toolbox, and all subse-
quent analyses were done in Matlab. Maps
were projected back into Brain Voyager for
visualization.

Retinotopic mapping and region of interest
definition. A combination of retinotopic map-
ping techniques were used to define the bor-
ders of visual areas and select regions of interest
(ROIs) for each visual field quadrant within
each area (see Fig. 3a). Eye position was moni-
tored during all tasks to ensure proper fixation.
First, standard rotating wedge and expanding/
contracting ring stimuli were used to map polar
angle and eccentricity of early visual regions
(Engel et al., 1994; Sereno et al., 1995; DeYoe et
al., 1996). High-contrast radial checkerboard
patterns were presented as 60° wedges or rings
and flickered at 4 Hz. Maximal eccentricity was
12°, and the central 1.2° foveal region was not
stimulated. Each run rotated clockwise or
counterclockwise or expanded or contracted
through six cycles with a period of 24 s/cycle.
Subjects fixated at the center of the display and
pressed a button every time the black fixation
dot dimmed to gray. Five subjects completed a
minimum of four runs each of the polar angle
and eccentricity stimuli. One of the subjects
also completed a set of polar angle runs in
which covert attention was directed to the ro-
tating wedge, and the subject pressed a button
every time one of the checks dimmed to gray.
Second, an eccentricity-specific polar angle
stimulus was used to restrict stimulation and
focus attention at the target eccentricity used in

the main task. A colored square of the same size (1.96° � 1.96°) and
eccentricity (6.65°) as the main task probe stimuli rotated clockwise or
counterclockwise with a period of 24 s for six cycles. The square changed
color at a rate of 4 Hz, and subjects were instructed to covertly attend to
the rotating square and press a button whenever the square was colored
red. All six subjects completed at least four runs of this task.

Data from each technique were analyzed using standard phase-
encoded analysis methods: the best-fitting phase and correlation coeffi-
cient was obtained for each voxel using Fourier analysis and averaged
across clockwise and counterclockwise runs to compensate for hemody-

Figure 1. Task design. a, b, fMRI task. Subjects fixated and saccaded between four locations (white dots), while continuously
attending to the central target location. a, Saccade trials. After �3 s of stable fixation, the fixation dot moved to a new location,
and subjects executed a single accurate saccade (gray arrow not actually present on screen). After 50 or 1550 ms, an array of Gabor
patches appeared simultaneously in the nine locations shown for 250 ms, followed by a 250 ms mask array. Subjects always
reported the orientation of the stimulus in the central target location regardless of current fixation position. The four stimuli
immediately surrounding the final fixation, corresponding to the four visual field quadrants, were coded according to whether they
occupied the spatiotopic (blue), retinotopic (red), or control (green) positions. Different saccade patterns placed these locations in
different quadrants for each trial. b, For no-saccade trials, the fixation dot never moved, and subjects remained fixated for either 1.5
or 3 s before the stimuli appeared. The four stimulus quadrants were coded as spatiotopic/retinotopic (blue) or control (green). The
fixation dot dimmed for 18 s between trials. c, ERP task. An example 4 s trial is illustrated, with corresponding eye trace below (dark
brown is vertical eye position, light brown is horizontal). Subjects fixated the white dot and attended to the central target location.
Placeholders demarcating the nine possible stimulus locations were present on the screen at all times (dim gray spots). Stimuli
appeared one at a time every 250 –550 ms. Subjects pressed a button any time a smaller target stimulus appeared in the target
location (light blue arrow). At an unpredictable delay (here �1.5 s into the trial), the fixation dot jumped to a new location and
subjects executed a saccade while continuing to monitor the spatiotopic target location. Stimuli were classified according to delay
condition (presaccade, postsaccade early, postsaccade later), and position (spatiotopic, blue; retinotopic, red; control, green).
Responses to target stimuli or stimuli appearing at other positions were not analyzed.
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namic lag. Phase angle maps, thresholded based on correlation coeffi-
cient, were displayed on the flattened cortex. Visual field boundaries were
defined for visual cortical areas V1, V2, V3, ventral V4, V3A, and V7
following standard phase-reversal criteria (Sereno et al., 1995; DeYoe et
al., 1996; Engel et al., 1997; Larsson and Heeger, 2006; Swisher et al.,
2007), and eccentricity-specific ROIs were drawn within these areas
based on the available combination of retinotopic mapping data for a
given subject. Although there has been recent interest in defining V4 to
include both dorsal and ventral regions (Hansen et al., 2007), the
eccentricity-specific visual field locations of interest for our ROIs seemed
to have good coverage of both quadrants contained within ventral V4.

Slow event-related analysis. On each trial of the main task, probe stimuli
appeared simultaneously in each visual quadrant. Stimuli were arranged so
that spatiotopic, retinotopic, and control locations were all probed on each
trial but in different visual quadrants. We thus assigned each visual quadrant
a condition code for each trial according to what type of stimulus appeared
within that visual quadrant on that trial. For saccade trials, quadrants were
coded according to whether they were occupied by the spatiotopic target, the
retinotopic nontarget, or one of two control nontargets. Quadrants on no-
saccade trials were coded as containing the spatiotopic/retinotopic target or
one of three control nontargets. These assignments depended on fixation
and saccade position (Fig. 1a,b, insets); however, across an entire run, each
quadrant contained an equal distribution of spatiotopic, retinotopic, and
control conditions.

Within each quadrant-based ROI, event-related averages were calcu-
lated separately for spatiotopic, retinotopic, and control conditions at
early and later probe delays and were represented as percentage signal
change relative to the single volume at the start of the trial (before any
stimuli appeared). The time courses for each condition were then aver-
aged across quadrants within a given visual area. This resulted in a single
average time course for each of the following conditions, for each visual
area and subject: (1) no-saccade early: spatiotopic/retinotopic, control;
(2) no-saccade later: spatiotopic/retinotopic, control; (3) saccade early:
spatiotopic, retinotopic, control; and (4) saccade later: spatiotopic, reti-
notopic, control.

Statistical analysis. The peak period of the blood oxygen level-
dependent (BOLD) response was defined separately for each subject,
delay, and visual area by taking the single peak time point and any con-
tiguous time points whose magnitudes were not significantly different
from that of the peak. This “statistical peak” method accounts for hemo-
dynamic variations in time-to-peak across subjects and visual areas and is
independent of the spatiotopic/retinotopic/control comparison. Once
the peak period was identified, the average BOLD response within this
period was calculated for the spatiotopic, retinotopic, and control con-
ditions. Peak responses in the control conditions were used as the base-
line responses for visual stimulation; control peaks were subtracted from
the corresponding retinotopic and spatiotopic peaks for each subject,
delay, and region. The resulting retinotopic and spatiotopic peak facili-
tation were compared using repeated-measures ANOVAs and planned t
tests. All t tests were paired and two tailed. Greenhouse–Geisser correc-
tions were applied to any ANOVA comparisons not meeting the assump-
tion of sphericity.

Event-related potential task and stimuli. The task was similar to the
fMRI task, with the timing and stimuli optimized for an ERP-based
assessment of visuospatial attention, modeled after ERP investigations of
visuospatial attention in the absence of eye movements (Di Russo et al.,
2003). To take full advantage of the higher temporal resolution of ERP,
stimuli were presented sequentially in rapid succession (i.e., only one
stimulus appeared on the screen at a time), while subjects covertly at-
tended to a fixed spatiotopic location (target location) and responded
only to targets appearing in this location. Each trial began with the ap-
pearance of a white fixation dot (0.19° in diameter) at one of four loca-
tions, located at the corners of an imaginary 7.5° � 7.5° square centered
on the target location. In the ERP task, each trial lasted 4 s; on each trial,
subjects made a single guided 7.5° horizontal or vertical saccade. The
saccade cue appeared 1.2–2.8 s (jittered) after the start of the trial; data
from trials in which the subject did not accurately saccade to the saccade
target within 600 ms were discarded. All possible fixation and saccade
locations were tested an equal number of times, and order was counter-

balanced within each block of trials; to avoid extraneous eye movements,
the counterbalancing was done such that every trial began at the fixation
location where the previous trial had ended. To minimize EEG artifacts,
subjects were instructed to remain fixated (except for the single saccade)
and avoid blinking during the 4 s trial; they were encouraged to blink
during the 2 s intertrial interval when the fixation dot dimmed to gray.

During the course of the trial, probe stimuli were presented for 50 ms
at stimulus onset asynchronies of 250 –550 ms. The stimuli were circular
black and white plaid (sum of two sinusoids) patterns that appeared one
at a time in a pseudorandom sequence at the nine possible stimulus
locations. The stimulus locations were each marked by a placeholder
(four small gray dots on the corners of a 2.2° � 2.2° square) continuously
visible on the screen; all stimuli appeared within areas denoted by the
placeholders. Ninety percent of the stimuli were “standard” stimuli sized
2° in diameter. The remaining 10% were target stimuli sized 1.4 –1.6° in
diameter. Subjects were instructed to press a button whenever they saw
one of the smaller target stimuli appear in the target location. They were
instructed to ignore target stimuli that did not appear in that attended
location. The size of the target stimuli was adjusted at the beginning of
the experiment during a series of practice blocks and if necessary after
each block of 24 trials in the main task to keep target detection perfor-
mance near 75%. ERPs to target stimuli were not analyzed, nor were any
other stimuli to which the subject made a false-alarm response.

On each trial, a total of 7–12 stimuli were presented (Fig. 1c). Because
there was an eye movement on every trial, some stimuli were presented
before the eye movement (analogous to no-saccade trials in the fMRI
study), and other stimuli were presented after the eye movement (anal-
ogous to saccade trials). Any stimulus that was presented before the eye
movement was classified as a “presaccade” stimulus. These stimuli
ranged from 3000 to 350 ms before the eye movement: no stimuli were
presented during the oculomotor planning or execution periods. On
each trial, one stimulus was always presented between 25 and 75 ms after
completion of the eye movement; this stimulus was coded as the “post-
saccade early-delay” stimulus. All stimuli presented at later delays (350 –
2250 ms after the eye movement) were classified as “postsaccade later-
delay” stimuli. Stimuli could appear in spatiotopic, retinotopic, and
control locations at all delays. A single control location was chosen for
each trial so that eccentricity and spatial uncertainty were equated across
the three conditions, although stimuli could also occasionally occur at a
none-of-the-above location (not analyzed) to keep the task unpredict-
able. To further bias subjects to attend to the spatiotopic target location,
stimuli were presented in the spatiotopic location more frequently than
the other locations (�45% of the time). However, because there was less
power for the postsaccade early-delay condition (only one per trial), at
this particular delay probe distribution was 33% spatiotopic, 33% reti-
notopic, and 33% control locations. For each subject, the approximate
number of stimuli presented in each condition was as follows: (1) presac-
cade: 950 spatiotopic/retinotopic, 325 control; (2) postsaccade early: 150
spatiotopic, 150 retinotopic, 150 control; and (3) postsaccade late: 700
spatiotopic, 350 retinotopic, 350 control.

We also incorporated a small percentage of “blank” events into our
design to serve as a baseline. Stimulus events were designated to occur
every 250 –550 ms; however, for �10% of these events, we did not actu-
ally present the stimulus on the screen. These “blank” trials were in-
tended to dissociate stimulus response from saccade response, especially
for the early-delay stimuli whose ERPs would otherwise be contaminated
with activity associated with saccade execution. These blank trials were
matched for time relative to the saccade, and ERPs to the corresponding
blank events were subtracted from the ERPs for the stimulus events.

Electroencephalogram recording and processing. EEG was recorded si-
multaneously from 32 scalp locations using tin electrodes embedded in a
fabric cap (Electrode Caps International). The electrode locations in-
cluded the 10/20 system, as well as the electrooculogram (EOG) recorded
from two electrodes attached beside each eye and one underneath the
right eye. Scalp electrodes were referenced to a single electrode placed on
the participant’s nose. Signals were amplified (gain of 20,000) and band-
pass filtered (0.1–100 Hz) by an EEG amplifier. The impedance of each
electrode on the electro-cap was below 5 k�.
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The EEG was continuously sampled at 250 Hz and logged to a disk file
using custom software. Digital codes corresponding to stimulus condi-
tion were written to a separate digital channel that was sampled simulta-
neously with the EEG. A 1–50 Hz digital bandpass filter was applied
offline to eliminate line noise and slow drift from the recorded EEG.

Event-related potential analysis. For each subject, each standard stim-
ulus was coded according to the following factors: (1) position: spa-
tiotopic, retinotopic, control, other; (2) delay: presaccade, postsaccade
early-delay, postsaccade later delays; (3) quadrant: upper left, upper
right, lower left, lower right; and (4) saccade direction: right, left, up,
down. Blank events were coded as additional conditions according to
delay and saccade direction. Stimuli to which the subject falsely re-
sponded or stimuli that appeared on trials on which subjects were not
properly fixated or saccading were coded as errors and excluded from
additional analyses. On average, 11.6% of trials were excluded; this did
not vary significantly across delays or positions.

Epochs beginning 100 ms before and extending to 500 ms after the
appearance of each standard stimulus (or the equivalent for blank trials)
were extracted from the continuous EEG. Although most eye movements
would have already been excluded in the previous step, epochs with EOG
artifacts (indicating eye blinks) were also discarded using the variance of
the EOG channels as criteria. The mean amplitude of the 100 ms interval
before stimulus onset was subtracted from every time point of the epoch
to remove any prestimulus EEG baseline differences, and the artifact-free
epochs were averaged separately for each condition.

For each stimulus condition ERP, the corresponding blank condition
ERP (matched for saccade direction and delay) was subtracted to create a
difference ERP. Difference ERPs were averaged across quadrants and
saccade directions to obtain ERPs for spatiotopic, retinotopic, and con-
trol conditions at each of the three delay periods for each subject. For
secondary analyses, data were subdivided by hemisphere and by horizon-
tal/vertical saccade direction. Neither hemisphere nor saccade direction
affected the overall pattern of results, so the main analyses focus on the
collapsed data.

ERPs for each condition were grand-averaged across subjects (mean of
means), and particular ERP components known to be modulated by
attention (Awh et al., 2000; Di Russo et al., 2003) were characterized
(supplemental Table S1, available at www.jneurosci.org as supplemental
material). To simplify statistical analyses, we conducted comparisons on
a single characteristic electrode for each attention-related component:
Oz for the P1 and posterior N1 components, and Cz for the anterior N1
component. The average amplitude of each peak at its characteristic
electrode was measured for each subject, and planned t tests (paired,
two-tailed) were conducted comparing spatiotopic and retinotopic con-
ditions to the control condition.

Results
fMRI experiment
The fMRI study was designed to take advantage of the well estab-
lished topographical organization of visual cortex by presenting
stimuli simultaneously in all four visual quadrants. Retinotopic
mapping was used to create quadrant-based ROIs, and stimulus
responses within each ROI were coded as spatiotopic, retino-
topic, or control based on eye position at the time of the stimulus
onset (Fig. 1a,b). Response data were then collapsed across quad-
rants to generate pooled spatiotopic, retinotopic, and control
time courses. This design both maximized experimental power,
because we obtained spatiotopic, retinotopic, and control re-
sponses on every trial, and equated bottom-up visual stimulation
across experimental conditions. Thus, any differences in the
BOLD response between conditions are entirely attributable to
the locus of top-down attention. Moreover, these differences
should reflect the observer’s attentional state at the time of stim-
ulus presentation. That is, although the BOLD response to a stim-
ulus presented 50 ms after a saccade will not manifest for several
seconds as a result of the intrinsic temporal dynamics of the
hemodynamic response, the magnitude of the delayed response

should be greater for retinotopic versus control stimuli in areas
exhibiting a retinotopic attentional trace. In these same areas, the
delayed BOLD response to a stimulus presented 1550 ms after the
saccade should show only task-relevant spatiotopic facilitation,
assuming that the temporary retinotopic attentional trace has
decayed by the later stimulus onset time. Conversely, regions
containing spatiotopically organized salience maps should ex-
hibit purely task-relevant spatiotopic facilitation at both delays.

fMRI task behavior
Behavioral performance on the fMRI task is shown in supple-
mental Table S2 (available at www.jneurosci.org as supplemental
material). Because of technical difficulties, button-press re-
sponses were not recorded for a portion of trials (randomly in-
terspersed) for the first few subjects and sessions. Of the
responses that were recorded, subjects correctly discriminated
the orientation of the spatiotopic target with 91.6 � 6.5% accu-
racy (mean � SD). Discrimination accuracy was 90.0% for no-
saccade trials and 93.2% for saccade trials, illustrating that
subjects were clearly capable of maintaining the spatiotopic task-
relevant location after the eye movement. Reaction time was sig-
nificantly slower to spatiotopic targets appearing immediately
after a saccade versus well after a saccade (t(5) � 4.62, p � 0.006),
which could reflect that attention was still in the process of up-
dating at the early delay. However, because there was no behav-
ioral response to the retinotopic and control stimuli (subjects
always only responded to the spatiotopic target), this slowing
could also be attributable to an overall difficulty processing all
stimuli immediately after a saccade and should not be taken as
conclusive evidence for the retinotopic attentional trace.

Overall fixation percentage was 91.8%, and the mean saccadic
latency was 336.8 ms. Trials in which subjects stayed fixated
�85% of the time or had a saccadic latency �600 ms were ex-
cluded from fMRI analyses.

Attentional modulation in area V4
To look for evidence of the retinotopic attentional trace in hu-
man visual cortex, we initially focused on area V4, which has long
been recognized as both retinotopically organized (Gattass et al.,
1988; Sereno et al., 1995) and a major target of top-down atten-
tional modulation (Moran and Desimone, 1985; Tootell et al.,
1998) in both humans and monkeys. In addition, the position of
V4 as a convergence point of bottom-up and top-down process-
ing streams makes it a plausible candidate area for a dynamic
salience map (Mazer and Gallant, 2003; Ungerleider et al., 2008).

To ensure that our new paradigm was effective at successfully
directing spatial attention to the target location, we first exam-
ined BOLD responses in V4 to stimuli appearing in the absence of
an eye movement. We observed clear attentional modulation of
responses to stimuli appearing in attended (spatiotopic/retino-
topic) versus unattended (control) locations at both delays
probed on no-saccade trials (Fig. 2a,b). To quantify attentional
facilitation (Fig. 2e), we computed the peak facilitation for each
position, delay, and subject by calculating the peak magnitude of
the BOLD response for spatiotopic/retinotopic conditions and
subtracting the peak magnitude for the corresponding control
condition (representing baseline visual stimulation). Across the
six subjects, significant attentional facilitation was found at the
spatiotopic/retinotopic position for both the early and late no-
saccade delays (t(5) � 3.24, p � 0.023 and t(5) � 3.28, p � 0.022,
respectively).

Given that V4 activity accurately reflects the presence of an
attentional locus at the task-relevant location in the absence of

Golomb et al. • Retinotopic Attentional Trace in Human Visual Cortex J. Neurosci., August 4, 2010 • 30(31):10493–10506 • 10497



saccades, the critical question is how V4 represents this atten-
tional locus after a saccade. We compared BOLD responses for
the spatiotopic target, retinotopic nontarget, and control nontar-
get stimuli presented immediately after the saccade (Fig. 2c) ver-
sus those presented well after the saccade (Fig. 2d). In area V4,
there was a significant position (spatiotopic, retinotopic) � delay
(early, later) interaction (F(1,5) � 9.33, p � 0.028). At the early
delay (50 ms after saccade completion), both task-relevant spa-
tiotopic and task-irrelevant retinotopic facilitation were signifi-

cant (t(5) � 8.38, p � 0.001 and t(5) � 4.05, p � 0.010,
respectively). At 1.5 s later, only task-relevant spatiotopic targets
remained significantly facilitated (t(5) � 3.83, p � 0.012); V4
responses to task-irrelevant retinotopic stimuli were no longer
significantly different from control stimulation (t(5) � 1.48, p �
0.199). This pattern provides neural evidence for the retinotopic
attentional trace in human visual cortex, specifically in extrastri-
ate area V4. When a spatiotopic location is task relevant and
stimuli are presented well after the eye movement, only responses
to stimuli at the attended spatiotopic location show facilitation.
In contrast, responses to stimuli appearing immediately after
the eye movement show facilitation at both the spatiotopic
and retinotopic locations, suggesting that, although attention
has successfully updated to compensate for the saccade, resid-
ual facilitation remains at the now irrelevant retinotopic loca-
tion for some time.

The main effect of delay was not significant (F � 1), but there
was a significant main effect of position (F(1,5) � 23.03, p �
0.005), with spatiotopic facilitation generally exceeding retino-
topic facilitation. The fact that the task-relevant spatiotopic facil-
itation was so reliable after the saccade attests to the subjects’
successful performance and effort in this task. It may also reflect
the fact that, in contrast to previous tasks (Golomb et al., 2008,
2010), subjects here were forced to respond to the spatiotopic
stimulus (and nothing else) on every trial, making the retinotopic
stimuli truly task irrelevant. Consequently, it is perhaps not sur-
prising that subjects exhibited stronger, more reliable spatiotopic
facilitation. It is notable that, despite this very strong behavioral
bias toward spatiotopic representations, V4 still showed clear at-
tentional effects at the retinotopic location immediately after the
saccade.

Facilitation in other visual areas
A similar pattern of facilitation was observed across all of the
occipital regions localized via retinotopic mapping (Fig. 3). In all
of these areas, task-relevant spatiotopic facilitation grew with in-
creasing postsaccade delay, whereas task-irrelevant retinotopic
facilitation declined. An omnibus 6 � 2 � 2 (region � delay �
position) ANOVA revealed a main effect of region (F(1,5) � 3.52,
p � 0.046) but no significant region � delay (F(1,5) � 2.42, p �
0.11) or region � position (F � 1) interactions. Critically, the
delay � position interaction found in V4 remained significant in
the larger ANOVA (F(1,5) � 10.44, p � 0.023) and was not mod-
ulated by region (F � 1), suggesting that the retinotopic atten-
tional trace found in V4 may be a common feature of early,
ventral, and dorsal visual processing streams.

To further investigate potential effects of region that may have
been obscured by the omnibus ANOVA, we classified individual
regions according to whether they were early (V1/V2/V3), ventral
(V4), or dorsal (V3A/V7). Again we found a significant delay �
position interaction (F(1,5) � 11.44, p � 0.020) that was not sig-
nificantly modulated by region (F � 1). Furthermore, in all three
types of regions, there was significant attentional facilitation at
the task-irrelevant retinotopic location immediately after the eye
movement (early, t(5) � 2.99, p � 0.030; ventral, t(5) � 4.05, p �
0.010; dorsal, t(5) � 3.20, p � 0.024).

Time course of facilitation
The above analyses were based on enhancement of the peak stim-
ulus response as a measure of attentional facilitation, but exam-
ination of the details of the BOLD time courses reveals interesting
additional information. Although both spatiotopic and retinotopic
positions showed significant peak facilitation for the saccade early-

Figure 2. V4 time courses and peak activation. Solid black line indicates stimulus presenta-
tion, and dotted black line is saccade time. a, b, No-saccade trials. Blue is the response to the
spatiotopic/retinotopic target stimulus, and green is the response to control nontarget. a, No-
saccade early. b, No-saccade later. c, d, Saccade trials. Blue is response to spatiotopic target, red
to retinotopic nontarget, and green to control nontarget. c, Saccade early (stimulus 50 ms after
saccade completion). d, Saccade later (stimulus 1550 ms after saccade completion). e, Peak
facilitation for retinotopic and spatiotopic positions compared with control; error bars are SEM
(n � 6).
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delay stimuli, retinotopic facilitation was more pronounced earlier
in the time course, whereas spatiotopic facilitation dominated later.
To explore these differences, we computed the time courses of facil-
itation in V4, by subtracting the control BOLD response at each
point in time from the spatiotopic and retinotopic responses (Fig. 4).

At the temporal resolution of the BOLD response, spatiotopic
facilitation appears locked to stimulus onset for both postsaccade
delays, peaking �4 – 6 s after stimulus presentation. In contrast,
retinotopic facilitation peaked earlier for both delays. This pat-

tern could reflect the fact that attention was initially at the reti-
notopic location in both cases and subsequently had to be
updated to the spatiotopic location to correctly perform the task.
Sustaining attention at a particular spatial location can result in a
shift in baseline facilitation even in the absence of a stimulus
(Kastner et al., 1999). If this baseline facilitation reflects an in-
crease in the spontaneous firing rate of neurons representing the
attended location (Luck et al., 1997) and the salience map still
reflects the old retinotopic location right after the eye movement,

Figure 3. Occipital ROIs and activation. a, ROIs for a representative subject. Left, Areas V1–V7 color coded according to quadrant, based on the visual field legend at the bottom left. ROIs were
restricted to the target eccentricity used in the main task. Right, Sample flat map for the right hemisphere. Combined activation map from all retinotopic mapping runs is displayed colored according
to the same legend. ROIs are drawn on top of the activation map. b, c, Peak activation for spatiotopic, retinotopic, and control stimuli for areas V1–V7. b, Saccade early delay. c, Saccade later delay.
d, Peak facilitation for retinotopic and spatiotopic positions (compared with control) for early and late delays; error bars are SEM (n � 6).
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then we would expect to see some degree of baseline retinotopic
facilitation after the eye movement for both delays. For the early-
delay trials, the stimuli are presented during this lingering period,
which also results in an enhanced stimulus response at the reti-
notopic location, whereas at the later delay, stimulus presenta-
tion occurs after the trace has dissipated, so only spatiotopic
stimuli are enhanced.

It is important to note that, as with all fMRI effects, baseline
facilitation is subject to hemodynamic delays. Thus, it is possible
that this baseline facilitation could simply be a delayed hemody-
namic response reflecting the presaccadic attentional state
(which would fall in this same retinotopic quadrant) as opposed
to an actual retinotopic attentional trace. If this were the case and
retinotopic facilitation was only attributable to the presaccadic
state, we would expect the retinotopic time course of facilitation
to be identical for both delays. The fact that facilitation is larger
and persists longer for the earlier versus later delay suggests
something above and beyond hemodynamically delayed presac-
cadic facilitation, in other words, a retinotopic attentional trace
reflecting residual neural facilitation after the eye movement. Al-
though the limited temporal resolution of fMRI prevents us from
conclusively dissociating these neural and hemodynamic compo-
nents, in the following section, we use the substantially higher
temporal resolution of ERP to avoid hemodynamic confounds
and selectively investigate neural contributions to the retinotopic
attentional trace.

ERP experiment
To take advantage of the higher temporal resolution of ERP, we
modified the fMRI task so that stimuli were presented individu-
ally in rapid sequence, again while subjects monitored and re-

sponded only to targets appearing at the spatiotopic location. As
in the fMRI task, we classified each stimulus presentation as spa-
tiotopic, retinotopic, or control and presaccadic, early postsac-
cadic, or late postsaccadic based on the subject’s eye position and
timing of the stimulus onset relative to saccades (Fig. 1c). This ap-
proach is similar to that used in the pioneering ERP studies of Di
Russo et al. (2003) investigating visuospatial attention in the absence
of eye movements, in which attention typically enhances the P1 (oc-
cipital electrodes, latency of 100–150 ms), anterior N1 (frontocen-
tral electrodes, latency of 140–150 ms), and posterior N1
(occipitoparietal electrodes, latency of 170–200 ms) ERP
components.

ERP task behavior
To characterize target detection performance, we calculated the
A� score, an index of signal detection sensitivity ranging from 0 to
1, where 0.5 is chance discrimination and 1 is perfect perfor-
mance (Grier, 1971). The size of the target stimulus relative to
standard stimuli was adjusted for each subject to achieve a hit rate
of 70 –75%, ensuring that the task would be sufficiently challeng-
ing to require effortful allocation of attention to the target loca-
tion. The mean � SD A� score across subjects was 0.92 � 0.03,
confirming that subjects were successfully performing the chal-
lenging target detection task. Detection performance was actually
better for spatiotopic targets presented after the saccade than
before (supplemental Table S3, available at www.jneurosci.org as
supplemental material), illustrating that subjects were clearly ca-
pable of maintaining the spatiotopic task-relevant location after
the eye movement. Performance was significantly worse for post-
saccade early-delay targets than later-delay targets (t(13) � 	4.56,
p � 0.001), but as in the fMRI experiment, this does not neces-
sarily imply that attention was allocated elsewhere. Mean � SD
reaction time to targets was 672.0 � 61.2 ms. Reaction times did
not significantly vary with delay (F � 1).

Overall fixation percentage for the included subjects was
89.9 � 5.3% (mean � SD), and the mean � SD saccadic latency
was 365.7 � 40.3 ms.

Difference ERPs
ERPs from individual stimuli were pooled based on when
(presaccade, postsaccade early, postsaccade later) and where
(spatiotopic, retinotopic, control) the stimulus appeared and
then averaged across the 14 subjects. The raw ERPs for the post-
saccade early-delay conditions were contaminated with large, but
consistent, voltage deflections resulting from the saccade (sup-
plemental Fig. S1, available at www.jneurosci.org as supplemen-
tal material). These artifacts were removed by subtracting a
saccade-only ERP response recorded on blank trials (i.e., no vi-
sual stimulus) from each raw stimulus-evoked ERP to obtain
difference ERPs. The difference ERPs for the postsaccade early
events closely resemble those of the other delays (see Fig. 8),
although there is clearly more noise at this delay; this is likely
attributable to the fact that there were fewer postsaccade early
events to average, although incomplete removal of eye movement
artifacts by the differencing procedure could also contribute to
this noise. All subsequent analyses were performed on the differ-
ence ERPs (referred to simply as ERPs from this point forward).
Voltage maps for presaccade, postsaccade early, and postsaccade
later stimuli are displayed in Figures 5–7, and ERP waveforms for
all electrodes can be found in supplemental Figures S2–S4 (avail-
able at www.jneurosci.org as supplemental material). To quantify
attentional modulation for the P1, anterior N1, and posterior N1
components, we focused analyses on the Oz and Cz electrodes

Figure 4. Time course of facilitation, V4. Spatiotopic and retinotopic facilitation (difference
from control) at each time point. A magnitude of zero means no difference from control, and
positive values reflect attentional facilitation. BOLD time course for control stimulation super-
imposed in background (right axis). Solid black line indicates stimulus onset, and dotted line
indicates saccade time. a, Saccade early delay. b, Saccade later delay. n � 6.

10500 • J. Neurosci., August 4, 2010 • 30(31):10493–10506 Golomb et al. • Retinotopic Attentional Trace in Human Visual Cortex



(supplemental Table S1, available at www.jneurosci.org as sup-
plemental material). Attentional modulation of each component
is illustrated in Figure 8 and discussed below in order of latency.

P1 component
The P1 component was identified at a peak latency of 128 –144 ms
at the occipitoparietal electrodes. In the presaccade ERPs (i.e.,
when the visual stimulus appeared before initiation of the guided
saccade), the amplitude of the P1 component was significantly
enhanced for stimuli appearing in attended (spatiotopic/retino-
topic) compared with control locations (t(13) � 2.20, p � 0.047).
For both early and later postsaccade delays, the P1 was enhanced
at both retinotopic and spatiotopic positions, although this dif-
ference only reached statistical significance at later delays (later:
t(13) � 3.00, p � 0.010 and t(13) � 2.34, p � 0.036 for spatiotopic
and retinotopic, respectively; early: t(13) � 0.86, p � 0.406 and
t(13) � 1.85, p � 0.087 for spatiotopic and retinotopic, respec-
tively). There were few events in the saccade early-delay condi-
tions, and thus this comparison was underpowered (see Materials
and Methods) compared with the presaccade or postsaccade later
conditions. It is therefore not surprising that attentional modu-
lation might be more difficult to observe in this condition, par-
ticularly for the P1 component, which was the smallest in
magnitude of the three components.

Anterior N1 component
The anterior N1 component was found on frontocentral elec-
trodes with a peak latency of 168 –188 ms. This component was
significantly modulated by attention in the presaccade conditions
(t(13) � 	4.47, p � 0.001). For the postsaccade early delays,
significant modulation was found for stimuli appearing in both
the task-relevant spatiotopic position (t(13) � 	2.77, p � 0.016)
and the task-irrelevant retinotopic position (t(13) � 	3.04, p �
0.010). In contrast, at later delays, significant anterior N1 modu-
lation was found only for the task-relevant spatiotopic position
(t(13) � 	3.13, p � 0.008); stimuli presented in the retinotopic

position were no longer significantly facilitated over control
stimuli (t(13) � 0.43, p � 0.675). This pattern is consistent with
the previously reported behavioral pattern of facilitation
(Golomb et al., 2008) and provides more neural evidence in sup-
port of the retinotopic attentional trace. This result is even stron-
ger than the behavioral and fMRI data, because the ERP task was
maximally biased toward forcing observers to maintain and use
spatiotopic representations. The task required constant attention
to the spatiotopic location: observers responded only to targets at
the spatiotopic location, there were repeated presentations of
stimuli at the spatiotopic location, and spatiotopic landmarks
were continuously visible on the screen throughout the experi-
ment (Fig. 1c). Nevertheless, during the first 75 ms after the eye
movement, residual retinotopic facilitation at the anterior N1
component was just as strong as the task-relevant spatiotopic
facilitation.

Posterior N1 component
The posterior N1 component was detectable across a similar set
of occipitoparietal electrodes as the P1 component at a peak la-
tency of 196 –204 ms. Significant attentional modulation of the
posterior N1 component was found in the presaccade conditions
(t(13) � 	4.93, p � 0.001). At postsaccade delays, the pattern of
posterior N1 modulation was quite different from the anterior
N1 pattern; at both early and late delays, the posterior N1 was
only facilitated for task-relevant spatiotopic stimuli. Spatiotopic
attentional facilitation was significant at the later delays (t(13) �
	3.10, p � 0.008) and displayed a trend at early delays (t(13) �
	1.56, p � 0.143), whereas posterior N1 responses to retinotopic
stimuli were not significantly enhanced over controls at either
delay (t(13) � 0.89, p � 0.392 and t(13) � 0.53, p � 0.607 for early
and later, respectively). If anything, the retinotopic posterior N1
seemed suppressed relative to control. The purely task-relevant
nature of this component, especially in light of the anterior N1
results, could reflect that (1) the different components reflect

Figure 5. ERP voltage maps over time for presaccade stimuli. a, b, Grand-averaged ERP voltage maps at specified time points after presentation of a stimulus in the attended spatiotopic/retinotopic location
(a) and unattended control location (b). c, Difference activity (spatiotopic/retinotopic	 control) over the same time period. Electrode locations are depicted on a top-down view of the skull, oriented according
to the anterior/posterior (A/P) and left/right (L/R) axes pictured. Attentionally modulated P1, anterior N1, and posterior N1 components are labeled with arrows. n � 14.
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different neural processes, and/or (2) the attentional representa-
tions captured by this component had already been successfully
updated by this point in time.

The differences between ERP components and the implica-
tions of such differences for the neural mechanisms of spatial
attention in general warrant additional investigation. Perhaps the
anterior N1 component occurs at an optimal latency to capture
the retinotopic attentional trace, with the earlier P1 component
displaying more retinotopic tendencies, and the later posterior
N1 component capturing only task-relevant spatiotopic modula-
tion, a latency difference that parallels the different time courses
of facilitation in the fMRI study. Alternatively, differences in ERP
components may arise from their different neural sources. The
study by Di Russo et al. (2003) on which our ERP task was mod-
eled used dipole source localization methods to suggest that the
P1 and posterior N1 components originate in extrastriate occip-
ital cortex and the anterior N1 component in superior parietal
cortex, near the intraparietal sulcus (IPS). This association is
somewhat surprising given that parietal cortex is typically
thought of as a candidate area for encoding spatiotopic represen-
tations (Zipser and Andersen, 1988; Duhamel et al., 1997; Snyder

et al., 1998), and there have been several reports of a progression
from retinotopic to increasingly spatiotopic visual representa-
tions (in the absence of sustained attention) moving from V1 to
higher-order areas (Andersen et al., 1997; Melcher and Colby,
2008; Wurtz, 2008). However, the presence of spatiotopic infor-
mation does not preclude retinotopic organization, which pari-
etal cortex is also known to contain (Sereno et al., 2001;
Medendorp et al., 2003; Silver et al., 2005; Swisher et al., 2007;
Gardner et al., 2008; Konen and Kastner, 2008; Saygin and Ser-
eno, 2008; Silver and Kastner, 2009). Our findings of retinotopic
attentional traces throughout visual cortex, including area V7,
sometimes known as IPS0 (Swisher et al., 2007; Silver and Kast-
ner, 2009), suggest that lingering retinotopic salience maps may
extend beyond occipital regions, and parietal and frontal atten-
tional areas will be important regions to explore in future study.

Discussion
The fMRI and ERP data reported here reveal remarkably similar
patterns of attentional topography after an eye movement. The ex-
perimental task was designed to force subjects to sustain attention at
a specific spatiotopic location. Subjects needed to constantly moni-

Figure 6. ERP voltage maps over time for postsaccade early-delay stimuli. a– c, Grand-averaged ERP voltage maps at specified time points after presentation of a stimulus in the spatiotopic (a),
retinotopic (b), and control (c) locations. d, e, Difference activity relative to control over the same time period. d, Spatiotopic– control. e, Retinotopic– control. Electrode locations are depicted on
a top-down view of the skull, oriented according to the anterior/posterior (A/P) and left/right (L/R) axes pictured. Attentionally modulated P1, anterior N1, and posterior N1 components are labeled
with arrows. n � 14.
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tor the spatiotopic location because (1) they did not know when the
target stimuli would appear, and (2) the task was sufficiently difficult
(because of brief presentation times, visual masking, and near-
threshold differences) that successful task performance was critically
dependent on accurate allocation of spatiotopic attention. Further-
more, subjects were required to respond only to stimuli appearing in
this attended spatiotopic location while ignoring any other stimuli
present. The attentional manipulation was clearly successful in both
tasks; in the absence of an eye movement, both fMRI and ERP re-
sponses were enhanced for stimuli appearing in the attended versus
unattended locations. After the saccade was executed, we report two
key findings. First of all, neural responses were facilitated at the task-
relevant spatiotopic location. Second, spatiotopic facilitation was ac-
companied by behaviorally inappropriate facilitation at the previous
retinotopic location. The former finding, although expected given
the strong spatiotopic task emphasis, is also an important confirma-
tion that attention can be sustained across saccades (cf. Hoffman and
Subramaniam, 1995; Kowler et al., 1995; Deubel and Schneider,
1996) and successfully remapped to maintain stability (Duhamel et
al., 1992). Because we did not present any stimuli immediately pre-
ceding or during the saccade, it is unclear whether attentional

remapping to the spatiotopic location was anticipatory, although a
recent behavioral study has suggested that attention may be predic-
tively remapped (Mathôt and Theeuwes, 2010).

Regardless of when the new spatiotopic location becomes fa-
cilitated, it seems to occur before attention has pulled away from
the retinotopic location. This delayed transition is consistent
with studies involving the switching of attention between two
locations while the eyes are fixated (Khayat et al., 2006). The
critical difference between these tasks is what causes the reorga-
nization, In the current task, there is no explicit “switch” in the
attentional focus: subjects must maintain attention at a particular
location, which they perceive to be stable across the saccade. The
fact that facilitation lingers at the retinotopic location after the
saccade demonstrates that salience maps throughout visual cor-
tex must be actively updated, although the conscious percept is
one of instantaneous stability. It is also of note that, although a
retinotopic attentional trace exists for a spatiotopically attended
location, there is no analogous spatiotopic attentional trace when
the retinotopic location is task relevant (Golomb et al., 2008).

Our previous studies have revealed a behavioral retinotopic
attentional trace using psychophysical methods (Golomb et al.,

Figure 7. ERP voltage maps over time for postsaccade later-delay stimuli. a– c, Grand-averaged ERP voltage maps at specified time points after presentation of a stimulus in the spatiotopic (a),
retinotopic (b), and control (c) locations. d, e, Difference activity relative to control over the same time period. d, Spatiotopic– control. e, Retinotopic– control. Electrode locations are depicted on a
top-down view of the skull, oriented according to the anterior/posterior (A/P) and left/right (L/R) axes pictured. Attentionally modulated P1, anterior N1, and posterior N1 components are labeled
with arrows. n � 14.
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2008, 2010). The fMRI and ERP data re-
ported here provide converging neural ev-
idence and suggest several putative
cortical sources for the trace. The fMRI
experiment offers neural evidence that the
retinotopic attentional trace is instanti-
ated in several different areas of human
visual cortex and suggests that attentional
maps throughout visual cortex must be
dynamically updated after eye move-
ments. The ERP data corroborate the neu-
ral basis of attentional updating, with the
strongest correlate of the retinotopic at-
tentional trace evident in the anterior N1
component. In addition to providing neu-
ral correlates of a behavioral phenome-
non, these data further extend the robust
nature of the retinotopic attentional trace
across different tasks. Retinotopic atten-
tional traces are found when attention
is allocated to a spatiotopic location
through rehearsal in spatial working
memory (Golomb et al., 2008), delayed
ocuolomotor planning (Golomb et al.,
2010), and constant spatial monitoring
(current task).

This delayed spatial updating, epito-
mized by the retinotopic attentional trace,
may indicate a difference in neural pro-
cesses involved in maintaining exogenous
versus endogenous maps of visuospatial
attention (Corbetta and Shulman, 2002).
In both cases, spatial updating of retinotopically organized maps
involves two complementary processes: remapping to a new lo-
cation and deactivation or decay at the old location. Kusunoki
and Goldberg (2003) demonstrated that, for basic visual (exoge-
nous) responses, these two processes generally occur during the
same time period, which is often, but not always, completed in
advance of the saccade. Although not all neurons show predictive
remapping, stimuli presented after the saccade never evoke inap-
propriate retinotopic responses (Kusunoki and Goldberg, 2003).
In other words, there is a difference between a response to a
stimulus presented before the eye movement that persists after
the saccade and a response evoked by a stimulus actually pre-
sented after the eye movement.

Most previous remapping studies have focused on how the rep-
resentation of a stimulus presented before a saccade is remapped to
the new location. The current investigation focuses on stimuli pre-
sented after the saccade, finding consistent evidence for remapped
spatiotopic representations, as well as an irrelevant retinotopic rep-
resentation that is not immediately invalidated. The previous studies
demonstrating spatiotopic remapping in fMRI (Merriam et al.,
2003, 2007) and ERP (Parks and Corballis, 2008) did not test the
retinotopic location immediately after the saccade. Based on other
electrophysiology studies that did present stimuli at this location
after the saccade and did not evoke responses (Duhamel et al., 1992;
Nakamura and Colby, 2002; Kusunoki and Goldberg, 2003; Som-
mer and Wurtz, 2006), we might expect the retinotopic attentional
trace to only emerge when sustained visuospatial attention is in-
volved. Thus, irrelevant distracters may transiently capture attention
(Bisley and Goldberg, 2006; Goldberg et al., 2006) and be updated to
the relevant spatiotopic location rapidly (Gottlieb et al., 1998), with
no residual effects at the retinotopic location. Conversely, an endo-

genously sustained representation may also update to the spa-
tiotopic location rapidly, but because attentional modulation has
built up at the retinotopic location, presumably by engaging rever-
beratory circuits (Wang, 2001) and synchronous activity (Tallon-
Baudry et al., 1998; Fries et al., 2001; Pesaran et al., 2002), the
previous retinotopic representation takes time to decay. Conse-
quently, attentional updating is not truly complete until well after
the eye movement has been executed.

Thus, we might expect to see two distinct loci of attention around
the time of saccade: a quickly remapped spatiotopic locus and a
slower decaying retinotopic locus. Our attentional facilitation results
for both the fMRI and ERP experiments display this pattern, and the
differences between retinotopic and spatiotopic time courses of facilita-
tion provide additional evidence for two distinct mechanisms. This idea
is consistent with demonstrations of both spatiotopic and retinotopic
components of inhibition of return (Posner and Cohen, 1984; Sapir et
al., 2004) and, in particular, the finding that, when the parietal cortex is
damaged or impaired, inhibition of return does not remap to the new
spatiotopic location, instead remaining in retinotopic coordinates (Sa-
pir et al., 2004; van Koningsbruggen et al., 2010). Perhaps these distinct
mechanisms are analogous to findings with neural synchronization and
spatial updating, in which it has been suggested that gamma-band syn-
chrony updates faster than alpha-band synchrony (Van Der Werf et al.,
2008). Moreover, a related dissociation exists in the infant development
literature, in which acquisition of retinotopic representations precedes
spatiotopic representations (Gilmore and Johnson, 1997; Kaufman et
al., 2006).

Our results suggest that all of the visual regions measured here
contain primarily retinotopically organized attentional salience
maps that must be dynamically updated when the eyes move to
maintain task-relevant spatiotopic representations. If attentional

Figure 8. ERPs at characteristic electrodes reflecting P1, anterior N1, and posterior N1 components. Components labeled near
peak latency. a, Attentional modulation for presaccade stimuli (blue, spatiotopic/retinotopic; green, control). b, Attentional
modulation for postsaccade early-delay stimuli (blue, spatiotopic; red, retinotopic; green, control). c, Attentional modulation for
postsaccade later stimuli (blue, spatiotopic; red, retinotopic; green, control). n � 14.
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maps in visual cortex are all retinotopically organized, the updating
signal has to come from spatiotopic maps or signals that exist else-
where in the brain. Spatiotopic representations have been described
in parts of parietal cortex (Duhamel et al., 1997; Snyder et al., 1998),
although the existence of explicit spatiotopic topography has not
been proven. It is also possible that this updating is based purely on
corollary discharge signals related to the eye movement itself, and the
saccade vector is fed directly to visual cortex allowing maps to update
(Matin, 1986; Bridgeman et al., 1994; Sommer and Wurtz, 2006,
2008; Wurtz, 2008). Retinal factors have also been hypothesized to
provide the updating signal, through comparison of successive views
with respect to a visual reference point, such as the saccade target
(McConkie and Currie, 1996; Currie et al., 2000) or other consistent
visual information (Deubel et al., 1998; Khayat et al., 2004). Aside
from the source of the updating signal, an open question raised by
this work is whether the updating signal is simultaneously fed to
salience maps throughout visual cortex or whether it originates in
one area and propagates forward or backward along the visual
stream.

Evidence from our psychophysical, fMRI, and ERP studies now
provide converging evidence for a lingering retinotopic attentional
trace. When a locus of visuospatial attention must be sustained
across an eye movement, residual facilitation transiently remains in
cortical areas representing the previous retinotopic location, regard-
less of compelling top-down signals redirecting attention to the
proper task-relevant location. It remains to be seen what benefit such
a delayed updating process might offer for visual stability. One pos-
sibility is that the retinotopic attentional trace does not actually rep-
resent a behavioral benefit but rather provides insight into an
imperfect solution our visual systems have developed to optimize
computational efficiency and performance in a world where location
information is both important and ever-changing.
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