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Abstract

Background: The load theory of selective attention hypothesizes that distractor interference is suppressed after perceptual
processing (i.e., in the later stage of central processing) at low perceptual load of the central task, but in the early stage of
perceptual processing at high perceptual load. Consistently, studies on the neural correlates of attention have found a
smaller distractor-related activation in the sensory cortex at high relative to low perceptual load. However, it is not clear
whether the distractor-related activation in brain regions linked to later stages of central processing (e.g., in the
frontostriatal circuits) is also smaller at high rather than low perceptual load, as might be predicted based on the load
theory.

Methodology/Principal Findings: We studied 24 healthy participants using functional magnetic resonance imaging (fMRI)
during a visual target identification task with two perceptual loads (low vs. high). Participants showed distractor-related
increases in activation in the midbrain, striatum, occipital and medial and lateral prefrontal cortices at low load, but
distractor-related decreases in activation in the midbrain ventral tegmental area and substantia nigra (VTA/SN), striatum,
thalamus, and extensive sensory cortices at high load.

Conclusions: Multiple levels of central processing involving midbrain and frontostriatal circuits participate in suppressing
distractor interference at either low or high perceptual load. For suppressing distractor interference, the processing of
sensory inputs in both early and late stages of central processing are enhanced at low load but inhibited at high load.
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Introduction

Attention facilitates goal-directed behavior by focusing on

targets and inhibiting interference from distractors. Several

theories have been proposed to explain the brain mechanisms

underlying inhibition of distractor interference. Early selection theory

proposes that attention filters irrelevant information during

perceptual processing [1], while late selection theory proposes that

attention selects relevant information for response and/or memory

storage after perceptual processing [2–4]. More recently, the load

theory of selective attention proposed that the neural substrates

underlying inhibition of distractor interference is dependent on

the perceptual load of goal-directed tasks. It proposes that

attention prevents distractor interference during perceptual

processing at high perceptual load and after perceptual processing

at low load [5–7].

When considering the load theory, one might pose the following

hypotheses. First, the early stage (e.g., perceptual processing) of

central processing will process distractors at low load because the

spared processing resources from the central task will spill over to

distractors. Second, the late stage (e.g., after perceptual processing)

will actively differentiate perceived distractors from targets at low

load. Third, the central processing passively excludes distractors

from processing at high load because central tasks may consume

all processing resources [5,6,8]. Because this theory hypothesizes

that the brain actively processes distractors at low load more so

than at high load, one might predict that both early and late stages

of central processing will show a greater distractor-related activa-

tion at low relative to high load. Part of this prediction appears

consistent with functional magnetic resonance imaging (fMRI)

findings. For example, fMRI studies have demonstrated a greater

distractor-related activation in visual and/or auditory cortex at

low relative to high perceptual load, even when the distractors

were not visible or in a different sensory modality from the targets

[7,9–15].

While fMRI studies consistently support the prediction of a

greater distractor-related activation in the early stages of central

processing at low relative to high load, there is little evidence

supporting the prediction of a greater distractor-related activation in

later stages at low relative to high load. Data suggest that the neural

correlates of later stages of central processing involve frontostriatal

circuits [6,8]. Both human and animal studies indicate that

frontostriatal circuits are involved in inhibiting distractor interfer-

ence by filtering distractors, differentiating targets from distractors,
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and selecting appropriate responses [16–18]. One of the aforemen-

tioned fMRI studies reported that distractor-evoked activation in

the inferior frontal gryus (IFG) was reduced at high relative to low

perceptual load [15], seemingly consistent with above prediction.

On the other hand, another study did not find significant differences

in distractor-evoked activation in frontostriatal circuits between low

and high loads [10], and did not appear to support the prediction of

a greater distractor-related activation in the late stage at low relative

to high load.

To investigate further the influence of perceptual load on

distractor-evoked activation in the frontostriatal circuits, we

assessed the whole-brain activity of 24 healthy participants using

fMRI as they performed a novel visual target-identification task

under varying load and distractor conditions. The task features

two different perceptual loads (i.e., low and high load), and each

load has two distractor conditions (i.e. with and without visual

distractors). Based on the load theory, as well as the fMRI studies

reviewed above, we predicted that distractors would be associated

with a greater increase in activity not only in the occipital cortex,

but also in frontostriatal regions at low relative to high load. We

examined this prediction by comparing distractor-related changes

in blood oxygen level dependent (BOLD) signal at different

perceptual loads. Data confirming or refuting this prediction

would not only have theoretical implications with respect to the

validity of the load theory, but also provide empirical data on the

neural mechanisms underlying selective attention in different

environmental contexts.

Materials and Methods

Participants
Twenty-seven healthy adults from the community of the

University of California Los Angeles (UCLA) gave written

informed consent to participate in this study, which was approved

by the Institutional Review Board at the UCLA. Data from three

subjects were excluded from analysis because one subject fell

asleep and the other two reported inadequate vision correction in

the scanner. The final sample size included 24 participants (ages

23–41 years, all right handed, 12 females).

Task Stimuli
The task used 16 schematic faces as targets and 64 scene

pictures as background distractors (Fig. 1). Because faces and

scenes should specifically activate fusiform gyrus and parahippo-

campus gyrus, respectively [19,20], using them as targets and

distractors was anticipated to permit separation of target-related

from distractor-related activations in the visual cortex. Faces were

composed from different combinations of five facial features (shape

of face, eyes, nose, and mouth, and face color). Each facial feature

had two different forms (e.g., shapes: round and oval; colors:

yellow and blue). No single face was completely unique in all facial

features from other faces in the group, so that each face always

shared one or more features with other faces. The round faces

extended approximately 2u in diameter, and the oval faces

extended approximately 1.6u in height and 2.2u in width. The

scene pictures were presented as the background of the relevant

stimuli (e.g., target and non-target faces; Fig. 1).

Task Design
The task used a 262 factorial design with two perceptual loads

(low, high) and two distractor conditions (with, without). At low

load, any face with an elongated nose was a target; participants

could simply search features to identify the target (Fig. 1A). At high

load, targets were defined by face color, and shape of eyes, mouth,

and face (Fig. 1B). Participants were required to search for these four

features in conjunction to identify the target. Stimulus presentation

was implemented with Psychtoolbox (http://psychtoolbox.org/

PTB-2/osx.html) and displayed on the screen of a Macintosh

laptop.

Stimuli for each condition were grouped into blocks with the

same 16 faces used in every trial block. These 16 face images, either

alone or overlaid on a distractor image, were presented one by one

in random sequence within each block. Each image was presented

once for 100 ms. The interstimulus interval was 1.1 s, and the

duration of each block was 19.2 s (i.e., (100ms+1.1s)616 = 19.2).

The instruction, ‘‘Please identify,’’ was presented for 5 s before each

trial block above an instruction image specifying the facial features

for the targets in the following task block (Fig. 1). Participants were

required to identify targets specified for each block and to respond

by pressing a button as soon as possible after detecting a target.

There were four targets randomly positioned in the presentation

sequence in each block, and no two targets appeared on consecutive

trials. The central task was to identify targets based on the

instructions given before each block, and the relevant stimuli in this

task were faces, including both targets and non-targets.

Prior to scanning, each participant was trained until he or she

achieved three consecutive performances of the task each with

error rates less than 50% for both commission and omission errors

at high perceptual load. During scanning, each subject performed

Figure 1. Diagram demonstrating elements of the visual target
identification task. A) A block sequence in the low perceptual load
without distractor condition. First, the instruction screen shows ‘‘Please
Identify’’ above an elongated nose, for 5 seconds. The elongated nose
informs the participants to identify targets in the next task block based
on nose shape. During the task block, 16 faces are presented one at a
time, for 100 ms each (with 1.1 second inter-stimulus interval). B) A
block sequence in the high perceptual load without distractor condition.
The instruction screen shows ‘‘Please Identify’’ above two faces without
a nose, which informs the participants to identify targets matching the
unique combination of face color, and shapes of face, eyes, and mouth
in the next task block. C. An example of a face overlaid on a background
distractor (i.e., scene picture). The same 64 scene pictures were used in
task blocks of both low and high perceptual load. The same instruction
screens for low and high perceptual load were used in the distractor
and no-distractor conditions.
doi:10.1371/journal.pone.0014552.g001
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three functional runs using three different task scripts. No feedback

on task performance was provided during the entire scanning

period. Within each run, each blocked condition was repeated four

times, and the whole run lasted 387.2s. The order of blocks was

randomized within each run, and the order of runs was

counterbalanced across subjects. Each condition within one run

(i.e., 4 blocks) consisted of 64 stimuli (i.e., 1664). In the distractor

condition at each load level within each run, each stimulus had a

different distractor, but the same 64 pictures were used for both

low and high load conditions to avoid potential differences in brain

activation induced by different physical stimuli between perceptual

loads. Task performance was assessed using reaction time (RT),

rate of omission error, and rate of commission error. It has been

suggested that omission and commission errors reflect deficits in

different central processes (i.e., attention and impulsivity, respec-

tively) [21–24]. Therefore, we assessed each error type separately

rather than utilize measures that group domains together in

assessing task performance. The performance data were analyzed

using SPSS 16. General linear model (GLM) was used to assess the

main effects of task loads and distractors and two-way interactions

between task loads and distractors. Paired t-tests were performed

post-hoc if significant two-way interactions were detected.

Imaging Data Acquisition and Analysis
Functional images were acquired using gradient-echo EPI

scanning sequence (TR/TE = 1500/30 ms, Flip angle = 70u, 26

slices, 3 mm thick with 1.2 mm skip, 3.12563.125 mm in plane

pixels) with a Siemens Allegra 3T system. The scanning plane was

off the AC-PC line rostrally at 20u. The thin scanning slice and

tilted scanning plane were used to reduce susceptibility-related

signal loss at the basal forebrain [25]. Stimuli were displayed on

MRI-compatible video goggles (Resonance Technology, North-

ridge, CA). Each functional run acquired 258 volumes.

Each BOLD time series was motion-corrected, normalized to

the MNI (Montreal Neurological Institute) template, and

smoothed with a 5-mm kernel using SPM2 (Statistical Parametric

Mapping, Welcome Department of Cognitive Neurology, Lon-

don). After the functional images were filtered with a 128-s high-

pass temporal filter, model time courses for each block condition

were constructed by convolving a boxcar waveform representing

the times of the presentation of each block with the canonical

hemodynamic response function offered by SPM2. The functional

data were analyzed using a standard GLM.

Statistical tests had two levels, first at single subject level (fixed

effects) and then at group level (random effects). For each subject,

SPM {T} maps with the following contrasts were created first:

high load vs. low load (collapsed across distractor conditions), low

load (with distractor vs. without distractor), high load (with

distractor vs. without distractor), and [low load (with distractor vs.

without distractor) vs. high load (with distractor vs. without

distractor)]. Then, these contrast maps were fed into the second

level, one-sample t-tests to acquire group means for each contrast.

Unless specified otherwise in the result section, we employed FWE

cluster-level correction for multiple comparisons of the voxel-wise

whole brain analysis throughout this study, and used cluster p,.05

(FWE corrected) in conjunction with voxel height threshold p,.01

to identify significant changes in BOLD signal between task

conditions. Marsbar toolbox [26] was used to define significant

clusters as functional ROIs and extract percent BOLD signal

changes from functional ROIs. The extracted percent changes in

signal were used in figures for demonstrating signal changes

between task conditions in specified ROIs. No statistical analysis

was performed on data extracted from any ROIs to avoid circular

analysis.

Results

Task Performance
Fig. 2A presents the performance data. There was a significant

main effect of perceptual load on commission (F (1, 23) = 28.10,

p,.001) and omission errors (F (1, 23) = 35.23, p,.001) and on

RT (F (1, 23) = 242.07, p,.001). A significant main effect of

distractor was observed on commission (F (1, 23) = 13.51, p,.001)

and omission errors (F (1, 23) = 6.23, p,.05), and a marginal main

effect on RT (F (1, 23) = 4.1, p = .053). A significant two-way

interaction was observed between perceptual load and distractor

on commission error rates (F (1, 23) = 8.51, p,.01), and a trend

towards a two-way interaction on omission error rates (F (1,

23) = 3.41, p = .078). No interaction effect was observed with

respect to RT (F (1, 23) = 0.46, p = .50). Post-hoc paired t-test

analyses revealed that commission error rates showed a greater

decrease in the condition with distractors relative to in the

condition without distractors at high task load (t = 23.8, df = 23,

p = .001) than at low task load (t = 21.9, df = 23, p = .073).

Omission error rates showed a greater increase in the condition

with distractors relative to in the condition without distractors at

high load (t = 2.3, df = 23, p = .032) than at low task load (t = 1.2,

df = 23, p = .23). Distractor-related changes in omission and

commission errors were not significantly correlated with each

other at either perceptual load. Taken together, these data indicate

that the task imposed greater attentional demand at high than low

Figure 2. Performance data and BOLD signal changes on the
task. A). Error bar indicates standard error of means. Perceptual load
showed main effects on commission and omission errors and on RT.
Distractors showed significant main effects on commission and
omission errors, but only a trend on RT. Perceptual loads and distractors
showed a significant two-way interaction with respect to commission
errors, and trended towards a significant two-way interaction with
respect to omission errors. B) Color on T1 template image from SPM2
indicates significant increases (red color) and decreases (blue color) in
BOLD signal in the condition of high relative to low perceptual load,
collapsed across distractor conditions. The color bar indicates t value.
The number under each brain image indicates the Z coordinate of the
image in the MNI (Montreal Neurological Institute) template space. The
only voxels displayed on the brain images are those surviving voxel
threshold ,.01 and cluster level p,.05, FWE corrected for multiple
comparisons of voxel-wise whole brain analysis. Abbreviations: L: low
load; H: high load; R: right side; RT: reaction time.
doi:10.1371/journal.pone.0014552.g002
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perceptual load conditions, and that distractors significantly

decreased and increased commission and omission errors,

respectively, at high load, but did not significantly influence either

types of errors at low load.

Load-Related Changes in BOLD Signal
Participants showed increases in BOLD signal in brain regions

implicated in attentional processing, including the lateral PFC

(LPFC), parietal cortex, occipital cortex including the fusiform

gyrus, thalamus, basal ganglia, and midbrain, at high relative to

low perceptual load, across distractor conditions (Fig. 2B). They

showed decreases in BOLD signal in regions of the default-mode

network, including the medial PFC (MPFC), posterior cingulate

(PCC)/precuneus, temporoparietal junction (TPJ), and medial

temporal lobes including the hippocampus, parahippocampus,

and amygdala, bilaterally, at high relative to low load. This pattern

of task-related increases and decreases in BOLD signal suggests

that the task imposed greater attentional demands during the high

load relative to low load condition.

Distractor-Related Changes in BOLD Signal
Low perceptual load. Five clusters showed significant

increases in BOLD signal in the distractor relative to the no–

distractor condition at low perceptual load (Fig. 3A & Table 1).

One cluster includes the occipital cortex, cerebellum, lateral

geniculate nucleus, parahippocampus, thalamus, and midbrain

regions including periaqueductal gray and reticular formation

(PAG/RF), bilaterally. The other clusters include the right IFG,

left middle frontal gyrus (MFG), bilateral caudate heads and dorsal

MPFC. Two clusters, each at the right and left TPJs, showed

significant decreases in BOLD signal in the distractor relative to

no–distractor condition at low perceptual load (Fig. 3A & Table 1).

High perceptual load. One cluster across the occipital

cortex including cuneus and lingual gyrus, parahippocampus,

and cerebellum, bilaterally, showed significant increases in BOLD

signal at the distractor relative to no-distractor condition at high

perceptual load (Fig. 3B & Table 1). Three clusters showed

decreases in BOLD signal at the distractor relative to no-distractor

condition at high perceptual load (Fig. 3B, Fig. 4 & Table 1). One

covers extensive regions across the parietal, temporal, and

occipital cortices including middle and inferior occipital gyri,

posterior insula, thalamus, striatum, and ventral tegmental area

and adjacent substantia nigra (VTA/SN), bilaterally. To better

localize significant decreases in BOLD signal in this large cluster,

we reanalyzed the contrast of high load [with distractors vs.

without distractor] using cluster-based FWE corrected p,.05 for

multiple comparisons of voxel-wise whole brain analysis in

conjunction with voxel high threshold p,.001. This secondary

analysis revealed significant decreases in BOLD signal in 10

clusters at the distractor relative to no-distractor condition. These

clusters were distributed in the bilateral temporal and occipital

cortices and caudate heads, left parietal and insula cortices, and

right thalamus and VTA/SN (Table 2).

Low vs. high perceptual load. Eight clusters showed

significant differences in distractor-related changes in BOLD

signal at low vs. high perceptual load as assessed by the contrast

[low load (with distractor vs. without distractor) vs. high load (with

distractor vs. without distractor)] (Fig. 3C & Table 1). These

clusters include the IFG, MPFC, occipital cortex including the

cuneus and middle occipital gyrus, caudate head, thalamus, VTA/

SN, and PAG/RF, bilaterally. Inspection of percent signal changes

extracted from functional ROIs showed that these differences were

due to either a greater distractor-related increase (e.g., occipital

cortex) or a smaller distractor-related decrease (e.g., bilateral TPJs)

in BOLD signal at low than high perceptual load, respectively, or

distractor-related increase vs. decrease in BOLD signal at low vs.

high perceptual load (e.g., MPFC, caudate head, VTA/SN,

respectively, Fig. 3D).

Discussion

The main aim of this study was to test our hypothesis that

distractors would induce greater activation in frontostriatal regions

at a low relative to a high perceptual load of a central task. Our

main findings include: 1) distractors induced a greater decrease in

commission errors and a trend towards a greater increase in

omission errors at high as compared to low perceptual load; 2)

distractors induced an increase in activation in the occipital cortex

Figure 3. Distractor related changes in BOLD signal at different
perceptual load. Color on T1 template images from SPM2 indicates
significant distractor-related increases (red color) or decreases (blue
color) in BOLD signal in the conditions of low (A) and high perceptual
load (B), and differences in distractor-related changes in BOLD signal at
low vs. high perceptual load (C). The color bar indicates t value. The
number under each brain image at the bottom row indicates the Z
coordinate of the brain image in the MNI (Montreal Neurological
Institute) template space. The only voxels displayed on the brain
images are those surviving voxel threshold ,.01 and cluster level
p,.05, FWE corrected for multiple comparisons of voxel-wise whole
brain analysis. D) Bar graphs show changes in BOLD signal in the
labeled ROIs. The level of BOLD signal at the condition of low load
without distractor was defined as baseline (0). Error bars indicates
standard errors of means. Abbreviation: H: high load without distractor;
HD: high load with distractors; IFG: inferior frontal gyrus; L: low load
without distractors; LD: low load with distractors; MOG: middle occipital
gyrus; MPFC: medial prefrontal cortex; PAG: periaqueductal gray; R:
right; SFG: superior frontal gyrus; VTA/SN: ventral tegmental area and
adjacent substantia nigra.
doi:10.1371/journal.pone.0014552.g003
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and parahippocampus at both low and high loads, and the

increases were greater at low than high load, consistent with prior

work; 3) distractors induced an increase in activation in multiple

brain regions including the IFG, caudate head, and midbrain

PAG/RF at low load; and, 4) distractors induced a decrease in

activation in the striatum, midbrain VTA/SN, and multiple

sensory cortices at high load. These findings support our predic-

tion that distractors would induce a greater increase in activation

in frontostriatal regions at low relative to high load.

Task Performance
In this study, distractors showed a marginal main effect on RT.

This effect is weaker than the significant distractor-related RT

increases typically reported by prior load theory studies [5,8].

Distractors used in the current study did not share features with

targets and would likely not induce responses when they were

perceived. Therefore they had a ‘‘neutral’’ effect on target responses

and a weak effect on RT. Furthermore, distractors appeared in

every stimulus during the ‘‘distractor blocks,’’ so they may have

been predictable and thus potentially less distracting [27–29].

Indeed, the current weak effect of distractors on RT is consistent

with the findings of no distractor-related significant RT increases

reported by previous studies using block design and ‘‘neutral’’

distractors [10,15]. Notably, Forster and Lavie reported a significant

effect of neutral distractors on RT in one study [30]. However, the

neutral distractors used in that study were very salient and their

appearances were unpredictable. These features of the neutral

distractors might contribute to their significant effects on RT.

In the current study, distractors were associated with increased

omission errors and decreased commission errors. The distractor-

induced opposite changes in the errors of omission and

commission are consistent with a previous hypothesis that they

are associated with different central processes, i.e., processes

related to attention vs. impulsivity [21–24]. Previous studies

reported differential effects of distractors on commission and

omission errors [21,31,32]. For example, increasing distractor

saliency from just above perceptual threshold improved the

accuracy of healthy participants on a color discrimination task

[33]. While healthy participants performed visual vigilance tasks,

auditory noise decreased omission error only in one study [21], but

Table 1. Distractor-related changes in BOLD signal.

MNI Coordinates

L/R BA Size (voxels) Z-Value X Y Z

Low Load (Distractor – No Distractor)

Positive

Occipital Cortex, Parahippocampus L/R 17, 18, 19, 28 5883 7.5 0 290 3

Caudate Head L/R 173 4.2 6 6 12

Dorsal MPFC L/R 8, 9 176 4.1 26 45 54

Middle Frontal G. L 9, 46 93 3.8 248 30 36

Inferior Frontal G. R 45, 47 201 3.7 54 21 3

Negative

Superior & Middle Temporal G. L 19, 22, 37 132 4.1 245 266 23

Superior Temporal G. R 22, 41 91 3.3 42 221 3

High Load (Distractor – No Distractor)

Positive

Cuneus, Lingual G., Parahippocampus L/R 17, 18, 19, 28 4701 7.0 0 290 3

Negative

Parietal, Temporal, & Occipital Cortices, Insula,
PCC/Precuneus, Thalamus, Striatum, VTA/SN, Hippocampus

L/R 1, 3, 7, 18, 19, 20, 21, 22, 29,
30, 31, 37, 39, 40, 41, 42

5173 5.7 251 266 0

Dorsal ACC L/R 23 82 4.0 3 212 39

Cerebellum L/R 173 3.6 0 242 224

Low Load (Distractor – No Distractor) vs. High Load (Distractor – No Distractor)

Positive

Cuneus, Middle Occipital G. L 18, 19 291 4.3 212 2102 15

Caudate, Thalamus, Midbrain L/R 640 4.2 9 3 18

Superior Frontal & Precentral G. R 4, 6 138 4.1 9 212 72

Cuneus, Middle Occipital G R 18, 19 118 4.1 33 293 15

Middle Temporal G. R 22 106 4.0 60 263 3

Medial & Lateral Superior Frontal G. L/R 8, 9 416 4.0 21 30 51

Middle & Inferior Frontal G. L 6, 9 192 3.7 236 21 51

Inferior Frontal G. R 9, 45 87 3.6 54 21 3

All clusters in this table were generated at FWE corrected cluster p,.05 with voxel level p,.01. Abbreviations: ACC: anterior cingulate; BA: Brodmann area; G: Gyrus; L:
left; MPFC: medial prefrontal cortex; R: right; Size: number of voxels in the cluster; VTA/SN: ventral tegmental area/substantia nigra; Z-value: the Z value of peak voxel in
the cluster.
doi:10.1371/journal.pone.0014552.t001
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decreased commission error only in another study [34]. Therefore,

the differential effects of neutral distractors on omission and

commission errors observed in the current study were in line with

previously reported differential effects of distractors on errors of

omission and commission [21,34].

The distractor-related changes in omission and commission

errors did not correlate with each other at either perceptual load.

The lack of such a correlation suggests that the opposite changes in

the two types of errors are probably not due to a tradeoff between

them. The significant two-way interaction between perceptual

load and distractors on commission error suggests that the effects

of distractors on commission errors are dependent on perceptual

load, and probably reflect different neural correlates of suppressing

distractor interference at different perceptual loads (see below).

However, we cannot exclude the potential contribution of a ‘‘floor

effect’’ with respect to the two-way interaction, because the

commission error rate was very low in the condition of low

perceptual load without distractor (mean = 0.8%, SD = 1.4) and

therefore might not allow assessment of further decreases.

Neural Correlates of Suppressing Distractor Interference
at Low Perceptual Load

Throughout this paper we use the phrases ‘‘distractor-related

activation’’, ‘‘distractor-related deactivation’’, and ‘‘distractor-

Figure 4. Distractor-related changes in BOLD signal at high load in the native space. Color on T1 anatomical images of two participants
(396 and 423) without spatial normalization indicate increases (red color) or decreases (blue color) in BOLD signal at contrast high load (with
distractors vs. without distractors). Voxel level threshold is p,.01 without corrections for multiple comparisons of voxel-wise whole brain analysis.
The number under each brain image indicates the Z coordinate of the brain image in their original space. Please note decreases in BOLD signal in the
caudate head, thalamus, and ventral tegmental area and adjacent substantia nigra (VTA/SN).
doi:10.1371/journal.pone.0014552.g004

Table 2. Distractor-related decreases in BOLD signal at high load.

MNI Coordinates

L/R BA Size (voxels) Z-Value X Y Z

Superior & Middle Temp G. L 22, 37 330 5.7 251 266 0

Superior & Middle Temp G. R 22, 37 214 5.0 57 266 0

Putamen & Caudate Head, Thalamus, VTA/SN R 121 5.0 15 6 29

Putamen & Caudate Head L 54 4.1 212 0 15

Middle & Inferior Occipital G. R 18 55 5.0 27 296 23

Middle & Inferior Occipital G. L 18 38 4.7 233 299 3

Inferior Parietal Lobule L 40 119 4.8 245 233 21

Inferior Parietal Lobule L 3, 40 44 3.9 230 236 33

Superior Parietal Lobule L 7 54 4.2 242 266 51

Insula L 13 54 4.2 245 23 0

All clusters in this table were generated at FWE corrected cluster p,.05 with voxel level p,.001. Abbreviations: G: Gyrus; L: left; R: right; Size: number of voxels in the
cluster; VTA/SN: ventral tegmental area/substantia nigra; Z-value: the Z value of peak voxel in the cluster.
doi:10.1371/journal.pone.0014552.t002
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related changes in activation’’ to refer to the observed statistically

significant increases, decreases, and differences, respectively, in

BOLD signal between conditions with and without distractors at

each level of perceptual load. By using these phrases we do not

imply that these changes in BOLD signal are involved solely in

distractor processing and not involved in processing of relevant

stimuli (e.g., faces). The current design did not allow us to isolate

BOLD signal in the frontostriatal circuits associated with

distractors only (e.g., scene pictures) from BOLD signal associated

with relevant stimuli only, or with both distractors and relevant

stimuli.

The participants in this study showed distractor-related

increases in activation in the visual cortex, parahippocampus

and frontostriatal regions including IFG and caudate heads at low

perceptual load. The distractor-related activation in the para-

hippocampus is consistent with a previous finding that the

parahippocampus is specifically sensitive to stimuli of houses

and/or scenes [19]. In frontostriatal circuits, the striatum receives

diffuse inputs from the cortex and projects mainly to the PFC

through the pallidum and thalamus [35,36]. These circuits are

implicated in differentiating targets from distractors and in

selecting appropriate responses [37–42]. The distractor-related

activation increases in the bilateral caudate heads, right IFG and

left middle frontal gyrus (MFG) at low load probably reflect

increased processing of sensory inputs and are consistent with the

prediction of load theory that distractor interference is resolved at

later stages of central processing at low load [8,43]. The increased

activation could be involved in discriminating distractors (scenes)

from relevant stimuli (e.g., target and non-target faces), rejecting

distractors, and/or selecting responses; however, we cannot isolate

activation associated with each of these cognitive processes in this

study.

The MPFC, a major component of the brain default-mode

network, often shows relative deactivation while healthy partici-

pants perform cognitively demanding tasks relative to a control

condition [44,45]. However, it is also implicated in arousal and

increases activation while healthy participants perform tasks with

low cognitive demand relative to a control condition [46–48].

Similarly, the midbrain PAG/RF is implicated in arousal and has

been reported to activate while participants perform a demanding

cognitive task relative to a less demanding control condition [49].

Therefore, current distractor-related activation increases in the

MPFC and PAG/RF at low load suggest that participants may

have increased their arousal and attention to suppress distractor

interference. This interpretation is consistent with previously

observed distractor-related increases in arousal and attention while

healthy participants performed cognitive tasks [50,51].

The TPJs are often relatively deactivated while healthy subjects

perform cognitive tasks, and this deactivation has been proposed

to reflect suppression of distractor processing in the brain [52,53].

Based on this notion, the distractor-related TPJ deactivation at low

load in the present study might reflect distractor filtering. The

distractors filtered in the TPJs, however, may include distractors

other than task-introduced scene distractors. The TPJs have been

implicated not only in visual attention [54], but also in other

cognitive processes including self-attribution, embodiment, empa-

thy, and mentalization [55–58]. These cognitive processes (e.g.,

self-attribution) are irrelevant to target identification while

participants are on-task, and therefore the information processed

in them should be suppressed.

The above-discussed findings together suggest that three sets of

different neural events operate to prevent interference from task-

introduced distractors at low perceptual load. The first may

involve increasing activity in the midbrain PAG/FR and MPFC to

increase arousal and attention to external stimuli; the second may

involve increasing activity in the visual cortex and frontostriatal

circuits, which may reflect increased processing of sensory inputs

at both early and late stages of central processing; and the third

may involve decreasing activity in the TPJs to filter distractors.

Neural Correlates of Suppressing Distractor Interference
at High Perceptual Load

The cuneus, lingual gyrus, and parahippocampus showed

increased activation in the condition with distractors relative to

without distractors at high load. This increase could be accounted

for by distractor-related processing in the visual cortices.

Furthermore, distractors induced diminished activation (i.e.,

deactivation) in the middle and inferior occipital gyri at high

load. In this instance, ‘‘deactivation’’ refers to the finding of

reduced BOLD signal in the condition with distractors relative to

without distractors at high perceptual load. This pattern of

activation and deactivation together results in smaller distractor-

related net increases in activation in the cuneus and middle

occipital gyri at high relative to low load. These data are consistent

with findings of prior studies of the load theory that the occipital

cortex shows smaller distractor-related increases in activation at

high relative to low load.

The distractors at high load were also associated with

deactivation in the parietal, temporal, and posterior insular

cortices, which receive somatosensory, auditory, and visceral

sensory inputs, respectively [59–64]. These sensory inputs are

irrelevant to target identification and thus are distractors while

participants are on-task. The extensive deactivation of these

sensory cortices suggests that the task-introduced visual distractors

lead to inhibition of central processing of not only irrelevant visual

inputs, but also inputs in other sensory modalities. This finding of

cross-modality inhibition is consistent with cross-modality deacti-

vation observed in several fMRI studies [13,14,65–67].

At high load, distractors were not associated with increases in

activation in frontostriatal regions, but with relative decreases in

activation in the caudate heads and thalamus. This finding is

consistent with our prediction that distractors will evoke a smaller

increase in activation in the frontostriatal circuits at high relative to

low load. The precise neural mechanisms underlying distractor-

induced deactivation in the caudate, thalamus, and extensive

sensory cortices (e.g., parietal & temporal cortices) at high load are

not clear at present. They might relate to top-town attentional

control, which might inhibit the processing of irrelevant

information in the sensory cortices and thus prevent it from

reaching frontostriatal regions when most or all processing

resources of the frontostriatal regions are consumed by high-

demanding central tasks.

An unexpected finding of this study was the distractor-related

deactivation in the VTA/SN at high load. Previous studies

reported that the level of BOLD signal change in the VTA/SN

was positively correlated with levels of their DA release in the

frontostriatal circuits while healthy participants performed cogni-

tive tasks [68–70]. Therefore, the reduced BOLD signal in the

VTA/SN might reflect a decrease in DA release in the

frontostriatal circuitry in the condition with distractor relative to

that without distractors at high load. Decreased DA level in the

frontostriatal circuits would be expected to decrease their neuronal

responsiveness to sensory inputs [37,39–42,71–73]. Therefore,

distractor-related decreases in activation in the VTA/SN at high

load might contribute to distractor-related deactivation in the

frontostriatal circuits. Effective connectivity between VTA/SN

and the frontostriatal circuits should be assessed in future studies

specifically designed for such a purpose.
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In this study, participants needed to remember more features

when they tried to identify targets by searching for a junction of

features in the condition of high load relative to when they tried to

identify targets by searching for one feature in the condition of low

load. Therefore, working memory load was greater in the

condition of high relative to low load. It has been hypothesized

that increasing working memory load would consume increasingly

large resources of cognitive control and reduce inhibition of

distractor processing [6,8]. Consistent with this hypothesis, several

studies found that increasing working memory load of a secondary

task would increase distractor interference [74–77]. However,

several other fMRI studies reported that increasing working

memory load of the main task increased distractor inhibition in the

sensory cortex [9,78–80]. Therefore, it seems to us that the effect

of working memory load on distractor inhibition depends on its

association with the main and secondary task. Here, we propose

that working memory load will increase distractor inhibition if it

associates with the main task, and that working memory load will

decrease distractor inhibition if it associates with a secondary task.

In the current study, the increased working memory load at high

load condition associated with the main task and therefore it

probably increased distractor inhibition. Therefore, the current

findings of reduced distractor processing in the visual cortex and

frontostriatal circuits at high relative to low load condition were

probably due to the joint effect of increased perception load and

working memory load.

Limitations
A potential weakness of this study is its block design, which

prevents the isolation of brain activity associated with performance

errors, particularly since error rates are greater at high relative to

low task load. However, block designs have been frequently used

in studies investigating the neural substrates of attention, including

within the context of the load theory [7,9–15]. Furthermore, we do

not believe the observed differences in distractor-related brain

activity at different task loads are likely to be accounted for by

different error rates as there is no significant difference in total

error rates (i.e., sum of commission and omission errors) between

conditions with vs. without distractors at either task load.

Therefore, significant changes in BOLD signal detected by

contrast (condition with distractor vs. condition without distractor)

at each task load are likely not to be substantially attributable to

differences in performance errors between task conditions. A

second limitation involves the use of ‘‘neutral’’ distractors. This

feature may contribute to smaller effects of distractors on RT in

this study relative to those of previous studies investigating

processes related to load theory.

Conclusion
Findings from this study indicate that distractor-related

activation is greater not only in the sensory cortices, but also in

frontostriatal circuits at low relative to high perceptual load. At low

perceptual load, the neural mechanisms of inhibiting distractor

interference may include increasing arousal by increasing

activation in the midbrain PAG/FR and MPFC, filtering

distractors by decreasing activation in the TPJ, and rejecting

distractors and/or selecting appropriate responses by increasing

activation in frontostriatal circuitry. At high perceptual load,

increased top-down attentional control appears to contribute to

the inhibition of distractor interference, as suggested by distractor-

related concurrent deactivation in the frontostriatal circuits,

midbrain VTA/SN, and extensive sensory cortices. Therefore,

the midbrain PAG/FR and VTA/SN and frontostriatal circuits

may play different roles in inhibiting distractor interference at

different perceptual demands of central tasks.
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