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experiments. They were right-handed, reported normal or
corrected-to-normal vision, and had no known neuro-
logical or visual disorders. Ages ranged from 23 to 34.
They gave written, informed consent in accordance with
the procedures and protocols approved by the human
subjects review committee of the University of Minnesota.

Stimuli and design

The stimulus elements used in the main experiment
were round checkered patches with a mean luminance of
120 cd/m2 and were centered at 2.88-, 5-, and 8.33-
eccentricity in the right visual field. Size and spatial
frequency were scaled for cortical magnification (Duncan
& Boynton, 2003), with patches subtending 1.65-, 2.59-,
and 4.06- of visual angle. There were three stimulus
configurations (Figure 1A): single, tangential, and radial.
In the single configuration, only a 2.59- size patch was

presented at 5- eccentricity, which was the target in this
experiment. In the tangential configuration, two 2.59- size
patches were presented immediately above and under-
neath the target at the same eccentricity (along the
circumference). In the radial configuration, a 1.65- and
4.06- size patches were presented immediately to the left
and right of the target at 2.88- and 8.33- eccentricity,
respectively. These patches were the distractors in this
experiment.

There were six 260-s functional scans in the main
experiment. Each scan consisted of seven 20-s blank
intervals and six 20-s stimulus blocks that were inter-
leaved with each other (Figure 1B). A stimulus block
contained ten trials. In each trial, two successive stimuli
(single, tangential, or radial configuration) were presented
for 0.3 s respectively, with a 0.4-s blank interval between
them followed by a 1-s blank interval as response period.
From the first stimulus to the second one, the contrasts of
all the patches increased or decreased randomly and

Figure 1. Example stimuli and experimental design. (A) Example stimuli used in the experiment. A target was always positioned on the
right horizontal meridian. It was presented either alone or with two distractors positioned either tangentially (above and underneath the
target) or radially (left and right of the target). (B) Schematic description of the experiment. Stimulus blocks were interleaved with blank
intervals. A stimulus block consisted of ten trials, in which subjects were asked to perform either a luminance discrimination task at the
fixation point (attend-to-fixation condition) or a contrast discrimination task to the target (attend-to-target condition).
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independently by 0.08, but under the constraint that their
values were between 0.2 and 0.4. The phases of the
patches were also independently counterphase random-
ized. Another difference between the two stimuli in a trial
was the luminance difference in a tiny region (0.12- �
0.12-) at the center of the fixation cross. During a stimulus
block, subjects were asked to fixate the cross and perform
either a luminance discrimination task at the center of
the fixation cross (attend-to-fixation condition) or a
contrast discrimination task to the target (attend-to-target
condition), depending on a task cue presented through-
out the preceding 20 s blank interval. The task cue was
a slight length increase of either the vertical bar (attend-
to-fixation) or the horizontal bar (attend-to-target) of the
fixation cross. To help the subjects localize the position



(Smith et al., 1999) filtering using BrainVoyager 2000.



distractors were present. The enhancements at the loca-
tions of distractors are likely to be automatic and stimulus
driven (Corbetta & Shulman, 2002). It is more interesting
to examine the attention modulation at the “no-distractor
present” ROIs next to the target in the tangential and
radial configurations. Compared to the single configura-
tion, the attention enhancements in the tangential config-
uration significantly dropped down in the left (t = 3.118,
p = 0.036) and right (t = 3.623, p = 0.022) ROIs, even
became a bit suppressive in the right ROI (Figure 5A,
gray bars). On the other hand, the attention enhance-
ments in the radial configuration significantly boosted up

in the upper (t = 3.64, p = 0.022) and lower (t = 3.863,
p = 0.018) ROIs (Figure 5A, black bars).

The overall picture of attention modulation across the
locations of the target and the distractors is that, relative to
the single configuration, attention spread into the neighbor-
ing regions in all directions in the radial configuration but
was narrowed down to form a ridge along the circum-
ference in the tangential configuration (Figure 4B). This
effect was consistently found in all subjects.

Eye movement data demonstrated that subjects could
fixate very well. Figure 6



across subjects. Their eye movements were small and
further statistical analyses confirmed that both horizontal
and vertical mean eye positions did not significantly
deviate from the fixation point in both attention conditions
and for all stimulus configurations (all t G 2 and p 9 0.12).
These results suggest that it is unlikely that our results
could be significantly confounded by eye movements.

Discussion

With the behavioral and fMRI data, we tried to examine
the two distinct theories of the crowding effect. If the
crowding effect results from pre-attentive lateral inhib-
ition, we would observe a BOLD signal decrease at the

target location by presenting the distractors, as a previous
study has demonstrated (Zenger-Landolt & Heeger, 2003).
However, there was no significant difference between
three stimulus configurations (single, tangential, and
radial) in this unattended condition. The discrepancy
between our study and Zenger-Landolt and Heeger’s
study might be attributed to stimulus differences, the tasks
subjects performed and fMRI protocol (e.g., high reso-
lution vs. standard resolution). In another study, Arman,
Chung, and Tjan (2006) varied the distance between the
target and the distractors to manipulate the strength of the
crowding effect. They found that this manipulation did not
affect the overall V1 response to the target and the
distractors, which is in line with our observation.

In this study, we measured cortical responses not only at
the target location, but also at its surrounding area, which

Figure 5. Attention effects at the target location and its surrounding area. (A) Attention modulation in the left, right, upper, lower, and
central ROIs in the single, tangential, and radial configurations. Attention modulation was defined as the BOLD signal difference between
the attend-to-target condition and the attend-to-fixation condition. Error bars denote 1 SEM calculated across subjects. (B) Schematic
description of regions showing attention enhancements in the single, tangential, and radial configurations.
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