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Feature-based attention affects the processing of the selected fea-
ture throughout the visual field. Here, we show that such global
attentional modulation is not restricted to the attended feature
but spreads to task-irrelevant features that are bound to the at-
tended one. Attention to a color in one of the visual hemifields af-
fected the processing of task-irrelevant motion in the other
hemifield when it was associated with a stimulus that shared the
attended color. This cross-feature global attentional selection in-
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creased the duration of the motion aftereffect and the strength
of functional magnetic resonance imaging responses in the mo-
tion-sensitive area MT +, evoked by the task-irrelevant motion.
These findings imply that features belonging to the same object
are bound and selected jointly even outside the focus of atten-
tion. NeuroReport 16:1389—1393 © 2005 Lippincott Williams &
Wilkins.

INTRODUCTION

Attending to a feature in one location increases neural
sensitivity to this feature throughout the visual field [1-4].
Such global attentional modulation was believed to be
restricted to the feature selected inside the focus of attention
[1,3,5]. However, a recent study [6] reported that global
attentional modulation automatically spreads to task-irrele-
vant features that are spatiotemporally associated with the
attended feature. Attending to a color in one location
increased the sensitivity in motion discrimination at another
location, only when the subthreshold motion prime was of
the attended color. The goal of the present study was to test
the behavioral and neural effects of cross-feature (color-to-
motion) spreading of attentional modulation for suprathres-
hold motion stimuli.

We modified the paradigm of previous studies on global
feature-based attention [1,3,7], in which attentional modula-
tion outside the focus of attention was measured for the
feature attended inside the focus of attention. To study
attentional modulation across different features, we mea-
sured the processing of task-irrelevant motion signals that
are spatiotemporally associated with the globally selected
color. Observers attended to one of two colors, red or green,
in a random-dot field placed in an aperture on one side of a
central fixation mark. They were asked to ignore the
stimulus presented simultaneously in an aperture on the
other side of fixation, containing two transparent red and
green dot fields. We compared the motion signal strength
evoked by one of the motion components in the ignored
area, using motion aftereffect (MAE) and functional
magnetic resonance imaging (fMRI) responses, when its
color matched the attended color, to that when it did not. If

attention spreads to task-irrelevant features that are asso-
ciated with the attended feature, the task-irrelevant moving
dot field would evoke a stronger MAE, and larger fMRI
responses in the motion-sensitive area MT +, when the color
of the dots matches the globally selected color.

METHODS

Experiment 1: psychophysics

Observers Two authors (W.S., Z.V.) and two naive ob-
servers participated in the experiment. All had normal or
corrected-to-normal visual acuity and gave written consent,
approved by the Rutgers University Ethics Committee.

Stimuli During motion adaptation, random dots (3.6 arc-
min) with limited lifetime (200 ms) drifted at 0.8°/s against a
black background in two rectangular apertures (6° x 8°), one
on each side of fixation (Fig. 1a). In the attended field,
colored dots (80 red, 80 green) moved randomly. Occasion-
ally, 70% of dots within each colored field increased their
luminance for 200 ms. In the unattended field, one colored
group of dots (n=100), say red, moved upward, and the
other (n=60), say green, moved horizontally, alternating
direction (left, right) every 4s. Because the horizontal
motion was balanced over time, any directional MAE
was due to the upward motion. The MAE test consisted
of a static field of 100 random dots only in the unat-
tended aperture, identically colored to the dots moving
upward.

Procedure The green dots” luminance was adjusted to have
the same perceptual luminance as red (fixed at 5.52 cd /m?)
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Fig. I. Experiment I: psychophysics. (a) Adaptation stimuli. Red/green
dots are shown as black/white, respectively. Left aperture is attended
area, where luminance increment events occurred in randomly moving
dots. Right aperture is unattended. Gray and white arrows indicate mo-
tion directions of colored dot populations. After adaptation, the test sti-
mulus was presented only in the unattended area. (b) MAE durations
for four observers in the unattended area are shown for ‘same’ (gray bars)
and different’ (white bars) conditions. Error bars show standard error of
the mean.

for each observer, using a locally paired dot display [8].
During 40s of adaptation, observers fixated a central point
and performed the luminance-increment detection task in
red or green dots in the attended aperture. Luminance
increments producing 75%—-85% correct performance were
determined for each observer. Observers pressed a key as
soon as they detected a luminance-increase event in the
attended color. Responses within 1s from event onset were
scored as hits [9]. We used the terms ‘same’ and ‘different’
for conditions in which the color of the upward motion in
the ignored area matched and did not match the attended
color, respectively. A 600-ms blank screen preceded the
MAE test, where observers reported the MAE duration by
pressing a key to indicate MAE cessation. The next trial
began 1s after the observer’s response. The location of the
attended visual field (left or right of fixation), the attended
dots’ color (red or green), and the color of the upward
moving dots were counterbalanced across blocks. Observers
performed 16 six-trial blocks, yielding 48 MAE duration
measurements per condition.

Experiment 2: functional magnetic resonance imaging
Observers One author (S5.C.) and five naive observers
participated in the experiment. All had normal or corrected-
to-normal visual acuity, and were in good health, with no
past history of psychiatric or neurological diseases. They
gave informed written consent, approved by the Princeton
University Ethics Committee.

Stimulus During the stimulus presentation period, there
were two rectangular apertures (6.2 x 9.7), each containing
160 random dots (5.8 arcmin, 80 red, 80 green) with limited
lifetime (200 ms) (Fig. 2a). In the attended field, all dots were
flickering asynchronously, with the same luminance-
increase events as in Experiment 1. In the ignored aperture,
80 dots of one color were flickering. The other 80 moved
coherently (0.9°/s), changing their direction every 4s by 30°
(CW or CCW) to avoid motion adaptation. The initial
direction was randomly determined in each trial.

Procedure Each observer had at least a two-hour practice
session outside the scanner. Equiluminance and task-
difficulty were adjusted inside the scanner (see Experiment
1 for details). In the main experiment, an 8-s resting period
preceded each stimulus presentation. During the resting
period, only a white fixation point was present. At the end
of the resting period, the fixation point changed to red or
green for 2 s, indicating the to-be-attended color in the trial.
During the 24s of stimulus presentation, observers fixated
the central point while detecting luminance increases in the
attended color. Stimulus configuration was the same
throughout a scan; only the attentional target alternated
between red and green. Thus, the condition in which the
attended color matched the color of the coherently moving
dots in the ignored field (‘same’) and in which it did not
(‘different’) alternated. The location of the attended visual
field (left, right), the color of the attended dots (red, green)
and the color of the moving dots were counterbalanced
across scans.

Image acquisition: The 3.0T head-dedicated Siemens
MAGNETOM Allegra scanner was used at Princeton
University. A Macintosh G4, synchronized with the scanner,
drove an LCD projector to present the visual stimuli on a
translucent screen located at the back of the scanner. Stimuli
were viewed from inside the magnet bore by a mirror
system attached to the head coil. We collected functional
images using 25 coronal slices (slice thickness 3 mm, inter-
slice distance 1mm and in-plane resolution 3 x 3 mm). We
used standard T2-weighted echoplanar imaging to acquire
all functional scans (TR=2000ms, TE=30ms, flip=90).
Participants completed at least nine 228-s scans [4 s of initial
resting period + (24 s of stimulus presentation + 8 s of resting
period) x 7], each acquiring 114 volumes for the functional
scans of the main experiment, and two additional 268-s
scans [12s of initial resting period + (16 s of moving/static
dots+16s of resting period) x 8], each acquiring 134
volumes for the functional scans of the MT+ localizer.
The first resting and experimental blocks were discarded in
the analysis to exclude the task-irrelevant, initial attentional
effects [10]. A T1 magnetization-prepared gradient echo
scan was acquired for more accurate localization of brain
structures.

Localizing retinotopic areas Flattened retinotopy maps
were obtained for three of six observers from separate scan
sessions, following well established methods [11,12]. To
visualize retinotopy measurements, a high-resolution mag-
netic resonance imaging of each observer’s brain was
computationally flattened [11].
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Experiment 2: functional magnetic resonance imaging (fMRI). (@) Stimuli for ‘stimulus presentation’ interval. Red/green dots are shown as black/

white, respectively. Left aperture is attended area. Observers detected luminance increment events in flickering dots of one color. Right aperture is
unattended. Gray arrows indicate two consecutive directions of the coherently moving dots of one color, say red; the other dots (green) were flickering.
Scan profile is shown in the lower panel. ‘Attend-to-red’ and ‘attend-to-green’ conditions alternated; thereby ‘same’ (coherently moving dots matched
attended color) and ‘different’ conditions (did not match) alternated. (b) fMRI time series of %blood oxygen-level-dependent (BOLD) change to the un-
attended area is shown for MT +, averaged across five observers’ mean values. Shaded area indicates ‘same, and boxed area ‘different’ conditions. Atten-
tional modulation in the tested visual areas for the unattended (c) and for the attended stimulus aperture (d). Error bars show standard error of the mean.

Localizing MT+ The human homolog of the MT/MST
complex (MT +) was defined on the basis of fMRI response to
stimuli that alternated in time between moving and
stationary dot patterns. Three intervals, motion, static, and
the resting period, existed, each lasting 16s. In the motion
sequence, white dots moved coherently (0.9°/s) against a
black background, changing direction randomly every 4s. In
the static sequence, static dots regenerated their positions
every 4s. In the resting period only the fixation point was
present. Motion and static intervals alternated with a resting
period in-between. A single scan consisted of four motion
and static intervals and nine resting intervals (initial and
eight in-between). We selected the voxels beyond the
retinotopically organized visual areas that produced signifi-
cantly larger percent blood oxygen-level-dependent (BOLD)
change to the motion than the static stimulus (p<0.000083).
Average Talairach coordinates of six participants” MT + were
46+4 (X), —63+5 (Y), and -143 (Z), which were consistent
with findings from previous studies [13,14].

Data analysis: We discarded data from scans in
which observers’ behavioral performance fell below
60% correct. After screening such scans, we excluded
an observer from analysis because only two scans were
left for this observer. The number of scans considered
in the data analysis was 5-12 per observer. All analyses

were conducted using Brain Voyager (Brain Innovation,
Maastricht, Netherlands). Functional data were motion-
corrected and linear trends were removed. Temporal
smoothing with a high-frequency pass filter (3Hz) and
spatial smoothing with a 4mm Gaussian filter were
applied. Functional data were aligned to the struc-
tural three-dimensional image and transformed into
Talairach coordinates. The data were analyzed using
the general linear model and specified contrasts for
;each condition. We analyzed the BOLD response to the
attended and unattended stimulus separately in each
of three visual areas, V1, V4, and MT +. For the retino-
topic areas V1 and V4, we restricted the analysis to
the voxels within each visual area that showed signifi-
cantly larger responses to the visual stimuli than to
the blank screen, regardless of the two different experi-
mental conditions (p<0.016).

Attentional index To quantify attentional effects, an atten-
tional index (AI) was calculated as follows:

AI = (%BOLDgye — %BOLDgigr) /[abs(%BOLDsgyue) +
abs ((VOB OLDd,‘ff)],

where %BOLDgyme and %BOLDy;s are the signals in the
‘same’ and ‘different’ conditions, respectively. Positive Al
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indicates higher fMRI responses during the ‘same’ than
during the ‘different’ condition.

RESULTS

The results of Experiment 1 (Fig. 1b) show strong color-to-
motion cross-feature attentional effects on the unattended
hemifield. The MAE in the ‘same’ condition was on average
about 70% longer than the ‘different’ condition. The results
suggest that the global color-specific attentional modulation
outside the locus of attention spreads to the motion signal of
the dots whose color matches the attended one. Importantly,
observers’ performance in the attentional task was not
significantly different in the two conditions [t(3)=2.324,
p=0.103], excluding the possibility that the observed
attentional effects are due to different attentional loads in
the two conditions.

Analogous findings were observed in the fMRI experi-
ment (Fig. 2b—d). The time series of fMRI responses in
contralateral MT+ to the ignored stimulus is shown in
Fig. 2b. Because MT+ is more responsive to coherent
motion than flickering patterns [15], larger MT + responses
to this stimulus are expected when the coherent motion,
rather than the flickering dots, is selected by global
attention. fMRI responses to the ignored visual display
were larger in the ‘same’ than in the ‘different’ condition;
significantly higher than zero AI was observed in the
motion-sensitive area MT+ (p=0.032) and area V4
(p=0.043), but not in V1 (p=0.90) (Fig. 2c). In all tested
visual areas that are contralateral to the attended display, on
the other hand, the average Al for the attended stimulus
was not significantly different from zero (p=0.74, 0.95, and
0.18, for V1, V4, and MT+, respectively) (Fig. 2d).
Behavioral performances for the luminance-increment de-
tection indicated no difference in the attentional load
between the two conditions (same: 72.4% correct, different:
71.9%, p=0.88).

DISCUSSION
Attention to a specific feature of a stimulus triggers
global attentional modulation leading to increased

neural responses to the same feature throughout the
visual field, in early visual areas V1, V2, V3, V4 and MT
[1,4,16-18]. The present study supports a recent finding [6]
that such attentional modulation outside the focus of
attention is not restricted to the selected feature, but also
affects the processing of task-irrelevant features that are
associated with the attended one. We observed that
attentional spread from color to motion affects the
strength of the MAE and the magnitude of the fMRI
responses in human area MT +. The results of our study
extend our knowledge on global cross-feature attention by
showing that it affects the processing of suprathreshold
motion stimuli, analogously to the case of subthreshold
motion signals [6]. Moreover, we provide the first fMRI
evidence for cross-feature spreading of attention outside the
attentional focus.

Attentional effects in task-irrelevant motion processing
observed in the fMRI experiment cannot be explained solely
on the basis of the global selection of color, without invoking
cross-feature mechanisms. Because the ignored stimulus
contained the same number of red and green dots, even
when direct effects of color-based global selection are

observed in the motion-sensitive area MT+ [3], such
attentional effects would be balanced for ‘same’ and
‘different’ conditions. In addition, the observed attentional
effects cannot be due to larger MT+ responses to one
color versus the other, because we alternated the colors that
were associated with coherent moving and flickering dots
across scans. Therefore, we conclude that the attentional
effects found in MT+ should be mediated by color-
to-motion cross-feature spreading of global attentional
modulation.

Interestingly, the ‘same’ condition evoked significantly
stronger fMRI responses than the ‘different’ condition
in area V4 as well, which is known to be involved in
color processing. Because the stimuli in these two
conditions differed only along the motion but not the
color dimension, the attentional effects in V4 cannot be
explained on the basis of global color-specific selection
mechanisms. A previous study [3] also reported that
global color-specific attention resulted in increased fMRI
responses not only in color-sensitive area V4 but also in
motion-sensitive area MT+. A possible explanation for
these results might be based on binding mechanisms that
link all the visual features that belong to the same visual
object/surface [19-21]. If the neural responses in a visual
area that is selective to a particular feature of a stimulus are
increased by attention, this increase may be transmitted — by
reciprocal connections — to other feature-specific areas that
are activated by the same stimulus. In our experiment,
increased responses in MT + due to cross-feature spreading
of global attention (larger responses in ‘same’ than in
‘different’ conditions) may have in turn generated increased
responses in the subset of V4 neurons that are responsive to
the same dot field.

In conclusion, our results provide both behavioral and
fMRI evidence for color-to-motion cross-feature spread of
global attentional modulation. Our findings imply that
visual features that belong to the same object are bound
together and modulated jointly by global attentional
mechanisms, even when they are outside the focus of
attention.
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