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2016). A network of frontoparietal areas, including posterior parietal

cortex (PPC), intraparietal sulcus (IPS), frontal eye field (FEF), and sup-

plementary motor area (SMA)/supplementary eye field (SEF), are

thought to be important in biasing processing toward the top-down

defined information and away from potentially distracting information



condition, the upright T target was placed among a mixture of differ-

ently oriented, non-upright Ts and Ls. Importantly, in both experiments,

for the manipulation of the task-irrelevant dimension, the item colors

were the same in the homogeneous conditions but different in the het-
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familiarized with the task and performed several practice blocks in which

they were explicitly told to maintain fixation during the task. All partici-
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Penny, & Glaser, 2005; Price & Friston, 1997). The between-

participants contrasts were performed to identify differential activations

between the two experiments for the interaction between the task-

relevant and task-irrelevant dimensions. The conjunction analysis was

carried out to locate the common brain activations related to the main

effects of task-irrelevant/task-relevant heterogeneous information

across the two experiments, with the “conjunction null” hypothesis

being tested (Nichols, Brett, Andersson, Wager, & Poline, 2005).

Although this between-participants conjunction analysis may not be



F(1, 13) = 12.55, p < .005. As can be seen from Figure 2, heterogene-

ity in the orientation dimension did not interact with heterogeneity in

the color dimension for target-absent trials, F(1, 13) < 1, but did

interact for target-present trials, F(1, 13) = 27.21, p < .001. Further

pairwise comparisons for target-present trials showed that when the

task-relevant dimension was heterogeneous, heterogeneity along the

irrelevant dimension had no impact on search RTs (759 vs. 744 ms),

t(13) = 1.93, p > .05; in contrast, when the task-relevant dimension





for target-absent trials exhibited an activation pattern very similar to

that when target-absent and target-present trials were collapsed (see

Table 2), the same contrasts calculated for target-present trials failed to

reveal activations at the same threshold, with the exception of the con-

trast Re_Hom versus Re_Het for target-present trials in Experiment

1 which revealed significant activation in the right anterior cingulate cor-

tex (centered at 9/41/4, BA 39, Z = 5.81, voxel number = 46).

3.2.4 | The interaction analysis

An interaction analysis, re_hom (ir_het – ir_hom) > re_het (ir_het –

ir_hom), was conducted for each experiment in order to uncover the

neural correlates of the differential effects of heterogeneity in the

task-irrelevant dimension when the task-relevant dimension consisted

of homogeneous or heterogeneous distractors. This analysis revealed

activations in bilateral frontal eye fields, intraparietal sulci, and left

anterior insula with FWE correction of p < .05 in conjunction search

(see Table 4), but no activation in orientation search. Separate ana-

lyses for target-absent and target-present trials in conjunction search

revealed similar pattern of activation for target-absent trials in con-

junction search (see Table 4), but no activation in target-present trials.

Moreover, two-sample t tests over the obtained contrast images

of the interaction between the task-relevant and -irrelevant dimen-

sions revealed that left FEF (centered at −26/−2/42, BA 6, Z = 4.20,

voxel number = 86) and left IPS (centered at −20/−70/48, BA

FIGURE 3 The brain activations related to processing task-irrelevant heterogeneous information (ir_het vs. ir_hom) in Experiments 1 and 2, and

the extracted beta values from these two regions [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Brain areas activated in the conjunction analysis of re_het versus re_hom across two experiments (upper panel) and the brain areas in

the same conjunction analysis for target-absent trials across two experiments (lower panel)

Anatomical regions BA x y z Z-value Voxel no.

Conjunction analysis

Left IPS 7 −28 −48 44 3.87 68

Left IPTO 7 −20 −70 40 3.63 139

Left FEF 6 −24 0 48 3.75 115

Right FEF 6 28 0 46 3.61 22

Conjunction analysis for target-absent trials

Left IPS 7 −30 −42 44 5.21 46

Left IPTO 7 −22 −70 38 5.26 64

Left FEF 6 −28 −2 52 4.80 4

Right FEF 6 30 0 48 4.95 11

Note. Coordinates (x, y, z) correspond to the MNI (Montreal Neurological Institute) space.
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7, Z = 4.33, voxel number = 88) were more highly activated for this

interaction in conjunction search relative to feature search. These

differential effects were again significant for target-absent trials, with

activation in left FEF (centered at −30/−6/48, BA 6, Z = 4.65, voxel

number = 161), left IPS (centered at −22/−68/50, BA 7, Z = 4.40,

voxel number = 205), and right IPS (centered at 26/−68/50, BA

7, Z = 4.37, voxel number = 109), but not for target-present trials.

3.2.5 | Region-of-interest (ROI) analysis

The bilateral FEFs, left IPS, and left IPTO were activated in both sepa-

rate analysis for individual experiments and the conjunction analysis
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4 | DISCUSSION

The present study employed feature and conjunction search tasks,

together with an orthogonal manipulation of heterogeneity in the

task-relevant and task-irrelevant dimensions. In doing so, we found

evidence for differential neural substrates involved in the processing

of distracting information across the two selected dimensions, and for

the differential involvement of frontoparietal regions in different

types of visual search. The behavioral results replicated previous find-

ings (Wei & Zhou, 2006), namely, that heterogeneity in both the task-

relevant and task-irrelevant dimensions impacts search RTs, and that

task-irrelevant heterogeneous color information affects search RTs

only when distractors are homogeneous in the task-relevant dimen-

sion. At the neural level, the imaging results showed that processing

the task-irrelevant distracting information engages fusiform areas

related to color processing, and that processing the task-relevant

distractors activates frontoparietal regions, including bilateral FEF, left

IPS, and IPTO, in both feature and conjunction search. Moreover,

these frontoparietal regions are involved in the interaction between

task-relevant and task-irrelevant dimensions in conjunction search,

but not in feature search.

4.1 | Processing the task-irrelevant dimension

As mentioned in the “Introduction” section, we chose color as the

task-irrelevant feature in order to maximize the chance of observing

interference of the task-irrelevant dimension on the target search in

the task-relevant dimension—owing to color's inherently higher

bottom-up perceptual saliency compared to orientation or form.

Indeed, for the task-irrelevant color dimension, the fusiform gyrus,

which is related to color processing (Bartels & Zeki, 2000), was more

activated when the to-be-searched items were differently colored

FIGURE 5 Correlation between beta values in frontoparietal brain regions (left IPTO in Experiment 1, and left FEF, left IPS, and left IPTO in

Experiment 2) and behavioral RTs (standardized residuals, after controlling for variations along the task-irrelevant dimension, the task-relevant
dimension, and target-presence)
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than when they were the same color. This activation was not modu-

lated by heterogeneity along the task-relevant dimension (i.e., orienta-

tion or form conjunction). It may thus be taken to reflect automatic

processing of the task-irrelevant color information, which interferes

with search in the task-relevant orientation or shape dimension, as

evidenced by slower RTs in the heterogeneous conditions. At the pre-

sent, it is not clear whether the stronger activation in the fusiform

areas for heterogeneous displays reflects more active processing of

color information and/or an attempt to suppress the variation of the

color information when color is task-irrelevant.

An interesting finding with regard to the processing of color infor-

mation was that the activation locus was more anterior in the fusiform

gyrus for conjunction search (on the left hemisphere) than for orienta-

tion search (on the right hemisphere; see Figure 3). According to

Bartels and Zeki (2000), the human color center in the brain consists

of two subdivisions, a posterior one (V4) and an anterior one (V4α).

While the functional specializations of the two subdivisions are still

under investigation, Zeki and Marini (1998) reported that the anterior

subdivision is more activated to the “correctly” colored objects

(e.g., red strawberries) than to the unconventionally colored objects

(e.g., violet strawberries), while the posterior subdivision shows the

reverse pattern. It is possible that only the anterior center processes

color information to a higher order, for example, analyzing its relations

with other attributes of the same object. In the current study, the dif-

ferential activations in the posterior and anterior parts of the fusiform

gyrus for feature and conjunction search may reflect different levels

of color information processing in the two tasks. Further studies are

required to test this suggestion and to investigate why the right fusi-

form gyrus was more activated in orientation search, whereas the left

fusiform gyrus was more activated in conjunction search.

4.2 | Processing the task-relevant dimension

In both feature and conjunction search, heterogeneous distractors

along the task-relevant dimension engaged activation of frontoparietal

regions including bilateral FEF, the left IPS, and IPTO. These regions

have been reported for different types of attentional selection, such

as biasing attention to a feature dimension (Le, Pardo, & Hu, 1998;

Liu, Slotnick, Serences, & Yantis, 2003), encoding behavioral relevance

(Assad, 2003; Culham & Kanwisher, 2001; Liu, Bengson, Huang,

Mangun, & Ding, 2016; Silk, Bellgrove, Wrafter, Mattingley, &

Cunnington, 2010), and top-down filtering of distractors (Friedman-

Hill et al., 2003). These regions may work together in effectively set-

ting the top-down attentional bias to the task-relevant dimension,

including selection of the top-down defined target among distractors

and rejection of distracting information (Ellison et al., 2014; Lane,

Smith, Schenk, & Ellison, 2012).

There are two reasons why these frontoparietal regions became

more activated when the distractors along the task-relevant dimen-

sion were heterogeneous rather than homogeneous. The first is that

the distractors in heterogeneous displays consisted of differently ori-

ented bars in orientation search, and different form conjunctions of

the T- and L-types in conjunction search. There was, thus, a greater



the task-relevant information in the presence of other salient, but

task-irrelevant information.

The behavioral interaction between the task-relevant and task-

irrelevant dimensions observed in both feature and conjunction

search is consistent with the “perceptual-load theory” of visual selec-

tion (Lavie, 2005; Lavie & Tsal, 1994). According to this theory, atten-

tional resources are limited, and the perceptual load imposed by the

processing of relevant information determines the extent to which

irrelevant distracting information is processed. For the current study,

when the distractors are heterogeneous in the task-relevant dimen-

sion, attentional resources should be largely used up in searching for

the target, while the task-irrelevant color information should receive

little processing, with little effect of color heterogeneity (see also Xu,

2010). By contrast, when the distractors are homogeneous in the

task-relevant dimension, there would be spare attentional resources

to be diverted to process the color information, which in turn would

interfere with target search when the distractors are heterogeneously

colored (see also Wei & Zhou, 2006).

In a recent fMRI study, Xu (2010) asked participants to view a dis-

play containing one, two, or six colored sample shapes and then, later,

to judge whether a test color matched one of the sample colors. The

shapes of the sample items were either the same or different. Activa-

tion in lateral occipital cortex (LOC) signaled an interaction between

task-relevant color encoding load and the task-irrelevant shape varia-

tions. Also, the processing of task-irrelevant features of sample items

depended on the encoding demands of the task-relevant feature.

However, the activation in IPS was affected only by the task-relevant

color encoding load, not by the task-irrelevant shape variations. The
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