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ARTICLE INFO ABSTRACT
Article history: The fMRI technique was used to investigate the functional neuroanatomy of binding features within- or cross-
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search for a vertical bar among tilted bars), within-dimension search (WS; e.g., search for an upright T among
non-target oriented Ts and Ls), cross-dimension search (CS; e.g., search for an orange vertical bar among blue
vertical bars and orange tilted bars), and complex search combining within- and cross-dimension features
(WCS; e.g., search for an orange upright T among orange leftward Ts and blue Ls). ReactiorRgicaas (&Iﬁ)ié@k@@ing functi

S?Sﬁ?;izmh to decide whether a target was present or absent were faster in the FS than in the WS, C$frl \Wab<eraitastrated that ¢
Feature search but did not differ between the latter three conditions. Neuroimaging results revealed agtiod frosteaipaiatidtal cortex
Conjunction search regions, including frontal eye field and intraparietal sulcus, to be consistently activatedfrorerih pyecfior EE@Nis involveo
Within-dimension conjunction (WS, CS, and WCS) relative to feature search, suggesting that these regions play a masgpidgeireat. rod®n Corbetta ¢
fCh;f;SIS-dimenSion conjunction matching visual input against the target template in conjunction search. Furthermore,defilo@ipRpA@0apacd3; Gitelms

cortex was more activated in within-dimension conjunction search, and bilateral inttaferi¢talkisuRo08ereiller-Platl
more activated in cross-dimension conjunction search. This suggests that features frora(0@; sRoehdioreémséoral., 2001;
are ‘bound’ at a higher stage of the ventral pathway by conjoining the inputs from\WayeenHlescha s Ao
combining features from these separate feature maps — a process question addressed in these st
assumed to require attentional resources, thus leading to slow, substrates specifically related
inefficient search. While exceptions to this account have been feature search (Arguin et al., 19¢
described soon after its inception, the general notion of a parallel, 2003; Friedman-Hill et al., 1995
preattentive feature analysis stage and a subsequent attentive 2000, 2002; Leonards et al., 200
analysis of feature conjunctions has prevailed in more recent models Kanwisher, 1999; Wilkinson et al
such as Guided Search (Cave and Wolfe, 1990; Wolfe, 1994). (with the exception of Wilkinsor
was a combination of two feature
example, the target was a red ci
and shape) presented among ¢
circles. However, there are also ¢
features from the same dimer
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Humphreys, 1989); a well-known example is search for an upright T
among differently oriented T's and L's (Duncan and Humphreys,
1989).

We reasoned that the neural substrates subserving search for
cross-dimension conjunctions may be different from those for within-
dimension conjunctions. Evidence in support of such a distinction
comes from behavioral studies that demonstrated illusory conjunc-
tions of color and form, but not of conjunctions within the form
domain in normal observers (Cohen and Feintuch, 2002); intact
binding of form features, but not color-form conjunctions in Balint's
patients (Friedman-Hill et al., 1995; Humphreys, 2001; Humphreys
et al., 2000); and a developmentally later onset of successful binding
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search trials with 2 null trials were intermixed. A search trial lasted
2500 ms. At the start of a search trial, a white fixation cross,
subtending 0.20° in visual angle, appeared at the center of the black
screen for 400 ms, followed by a black screen for 100 ms. Then the
fixation sign was presented again for another 500 ms, making the
cross appear to flash briefly. This was to warn participants about the
upcoming search display, which was presented for 500 ms. The search
display consisted of a central fixation marker surrounded by 8 bar
stimuli (each measuring 0.8°x0.2°) or 8 T-shape stimuli (each
subtending 0.8°x%0.8°). The stimuli were placed at 8 (randomly
selected) positions on a virtual, cross-shaped grid, with a maximum
eccentricity of 3° of visual angle (see Fig. 1 for block sequence and
sample display). At the end of this 1500 ms, the fixation cross was
presented for 1000 ms. For null trials, only the fixation sign was
presented throughout the trial for 2500 ms. The 6 search and 2 null
trials in each block were randomly ordered. After each trial, an
additional presentation of the fixation sign, with the duration of either
0 ms (for one trial), 250 ms (two trials), 500 ms (two trials), 750 ms
(two trials), or 1000 ms (one trial), was added for jittering between
trials. Effectively, participants saw 6 search trials in each block, with
variable intervals between trials. Participants were asked to search for
the target and respond as quickly and accurately as possible upon the
presentation of the search display. They were instructed to maintain
eye fixation on the fixation cross in the display center throughout the
whole experiment (see also Nobre et al., 2003; Soto et al., 2007).
Before scanning, the observers were familiarized with the task and
performed several practice blocks in which they were explicitly told
to maintain fixation during the task.

Data acquisition

A 3T Siemens Trio system with a standard head coil at the MRI
Center for Brain Research in Beijing Normal University was used to
obtain T2*-weighted echo-planar images (EPI) with blood oxygena-
tion level-dependent (BOLD) contrast (matrix size: 64 x 64, pixel size:
3.4x3.4mm). Twenty-four transversal slices of 4 mm thickness,
oriented parallel to the anterior and posterior commissures, were
acquired sequentially in ascending order withal mmgap (TR=15s,
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are shown in Table 2 and Fig. 3. As compared to the FS condition, the
WS, CS, and WCS conditions activated similar brain areas in frontal
and parietal lobes.

In order to determine the neural substrates of binding features
from the same dimension, we performed a conjunction analysis
(Friston et al., 2005; Price and Friston, 1997) between contrasts of
WCS vs. CS and WS vs. FS. If this within-dimension search requires
specific neural substrates for accomplishing the task, it should be
consistently activated whenever there is a need to bind two features
from the same dimension, that is, the horizontally and the vertically
oriented bar. Based on a conservative conjunction null hypothesis
(Friston et al., 2005; Nichols et al., 2005) implemented in SPM 5, we
set the threshold of p<0.001, uncorrected, in combination with an
extent threshold of 20 voxels (see also, for example, Kim et al., 2011;
Weissman et al., 2002). Results revealed activations in the left
fusiform gyrus (see Table 3 and Fig. 4).

The same logic was applied to the conjunction analysis of WCS vs.
WS and CS vs. FS, which revealed the neural substrates involved in
binding features from different dimensions, that is, color with
orientation in the CS condition or color with T-shape in the WCS
condition. This contrast revealed activations in bilateral superior
parietal cortex and bilateral IPTO (junction of intraparietal and
transverse occipital sulcus; uncorrected p<.001 in combination with
an extent threshold of 20 voxels; see also Table 3 and Fig. 4).

Discussion

By asking participants to perform four types of visual search, we
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search) conditions, while RTs in the latter three conditions did not
differ statistically from each other. Neuroimaging results found a set
of fronto-parietal regions, including frontal eye fields and intraparietal
sulci, were consistently activated in conjunction search (WS, CS, and
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