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Abstract

It is well documented that the anterior cingulate cortex
(ACC) and the dorsolateral prefrontal cortex (DLPFC) are
intensively involved in conflict control. However, it remains
unclear how these “executive’ brain regions will act when the
conflict control process interacts with spatial attentional
orienting. In the classical spatial cueing paradigm [Posner,
M. ., & Cohen, Y. (1984). Components of visual orienting. In H.
Bouma & D. G. Bouwhuis (Eds.), Attention and performance X
(pp. 531-556). Hillsdale, NJ: Erlbaum], response to a target is
delayed when it appears at the cued location compared with at
the uncued location, if the time interval between the cue and
the target is greater than 300 msec. This effect of inhibition of
return (IOR) can alter the resolution of Stroop conflict such
that the Stroop interference effect disappears at the cued
(inhibited) location [Vivas, A. B., & Fuentes, L. J. Stroop
interference is affected in inhibition of return. Psychonomic
Bulletin and Review, 8, 315-323, 2001]. In this event-related
functional magnetic resonance study, we investigate the differ-
ential neural mechanisms underlying interactions between pre-

INTRODUCTION

Both the anterior cingulate cortex (ACC) and the dor-
sal lateral prefrontal cortex (DLPFC) have been well
documented as playing an important role in cognitive
control such as monitoring and resolving conflicts
(Kerns et al., 2004; see Ridderinkhof, Ullsperger, Crone,
& Nieuwenhuis, 2004 for a recent review). However, it is
not yet clear whether these brain regions will be differ-
entially recruited when the conflict resolution process is
modulated by attentional orienting, that is, when the
stimuli that lead to conflicting cognitive processes are in
or out of attentional focus. The aim of the present event-
related functional magnetic resonance imaging (fMRI)
study was to investigate the neural correlates for the
interaction between spatial attention and conflict pro-
cessing. In particular, we examined whether the pattern
of this interaction depends on the nature or level of the
conflict.
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response interference, response interference, and spatial
orienting. Two types of Stroop words [incongruent response-
eligible words (IE), incongruent response-ineligible words (11)]
and neutral words were presented either at the cued or uncued
location. The significant pre-response interference at the
uncued location activated the left rostral ACC as compared
with at the cued location. Moreover, although the IE words
which have conflicts at both pre-response and response levels
did not cause significant behavioral interference at the cued
location, they activated the left DLPFC as compared with at the
uncued location. Furthermore, neutral words showed signifi-
cant IOR effects behaviorally, and they activated the left frontal
eye field (FEF) at the uncued location relative to the cued
location. These results suggest that the left rostral ACC is
involved in the interaction between pre-response conflict and
IOR, whereas the left DLPFC is involved in the interaction
between response conflict and IOR. Moreover, the FEF is
involved in shifting attentional focus to novel locations during
spatial search. W

The classical Stroop task provides an important tool
for researchers to investigate the neural correlates of
conflict control. Using fMRI or other brain imaging
techniques, a large number of studies found that when
subjects are asked to name the color of a Stroop word,
interferences from the activation of the irrelevant word
meaning induce activities in several brain regions, in-
cluding the ACC and the DLPFC (e.g., Milham, Banich,
Claus, & Cohen, 2003; Zysset, Muller, Lohmann, & von
Cramon, 2001; Banich et al., 2000; MacDonald, Cohen,
Stenger, & Carter, 2000). These activities may indicate
different roles that different brain regions play in the
conflict control processes. On the other hand, the
Stroop interference may take place at different levels
of information processing, from stimulus encoding to
response execution. The locus of the interference effect
can be differentiated experimentally into pre-response
and response levels (e.g., Milham et al., 2001; Eriksen &
Schultz, 1979).

Suppose subjects are asked to judge whether the color
of a word is red or green by pressing corresponding
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response keys. The task-irrelevant word meaning of
an incongruent word can correspond to a potential
response (e.g., the word “red” or “green’”) or be out-
side the response set (e.g., the word “blue”). The
former type of incongruent words can be classified as
response-eligible (IE) and the latter type as response-
ineligible (I1). Importantly, IE words introduce both
competing phonological and semantic representations
related to color and competing representations of the
response output, whereas Il words can only produce
interference at the levels of semantics and phonology
as the word meaning does not correspond to a potential
response. Neutral words whose meanings are related to
neither color nor potential responses can be used as a
baseline to assess the degree of interference induced by
IE or Il words. Therefore, relative to neutral words, IE
words can produce conflict at both the response and
pre-response levels, whereas Il words only generate
conflict at the pre-response level. Comparison between



monitoring system because of the lack of attentional
resources. Thus, the ACC should not be activated when
stimuli were presented at the cued location, irrespective
of the type of Stroop words. Given the assumption that
the ACC is responsible for the evaluation of conflicting
information and the DLPFC is responsible, together with
posterior brain regions, for the resolution of conflict
(Botvinick et al., 2001, 2004; MacDonald et al., 2000),
one might predict that the DLPFC will not be activated in
this situation either. In contrast, the IT hypothesis
assumes that the absence of interference effect at the
cued location was because the connection between the
pre-response representation and its corresponding re-
sponse code is temporarily blocked for stimuli at the
cued location, which implied that the IT mechanism is
likely to apply at the response level rather than at the
pre-response level. Fuentes et al. (2000) applied the
combined manipulation of IOR and Stroop interference
to schizophrenic patients, who have been shown to have
dysfunction of the DLPFC (Shenton, Dickey, Frumin, &
Robert, 2001; Pol, Baaré, Gispen-de Wied, Mali, & Kahn,
1995). They found that these patients, unlike normal
participants, did not show any reduction of the Stroop
effect at the cued location. Therefore, the IT hypothesis
predicts strong prefrontal activation at the cued location
for the Stroop interference, especially for the conflict at
the response level. Moreover, given the present experi-
mental design, we will also examine the neural basis of
IOR, which has been localized in the parietal cortex and
frontal oculomotor regions (e.g., Mayer, Seidenberg,
Dorflinger, & Rao, 2004; Lepsien & Pollmann, 2002).
We expect that the IOR effect is associated with neural
activities in the parietal-frontal network.

METHODS
Subjects

Twelve undergraduate and graduate students (7 wom-
en, range 21-29 years) participated in the present study.
All of them were right-handed and had normal or
corrected-to-normal vision without color blindness or
weakness. All the subjects gave written informed con-
sent before scanning and none of them had a history
of neurological or psychiatric disorders. This study was
approved by the Academic Committee of Department
of Psychology, Peking University.

Stimuli and Experimental Paradigm

The experiment had a 2 (cue validity: cued vs. uncued) x
3 (stimulus type: incongruent response-eligible vs. in-
congruent response-ineligible vs. neutral) factorial de-
sign. Participants were asked to make discrimination
response to the color of the target word (written in
Chinese character), pressing one key if the color was red
and another key if the color was green. The words used



a mean interstimulus interval of 3500 msec. All partic-

ipants completed a training section of 15 min before the
scanning.

Data Acquisition
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Figure 2. Behavioral results. (A) RTs (msec) with standard errors
in the six conditions. (B) The amount of IOR effect (msec) as a
function of stimulus type (*the effect reached significance).

meaning and its response code, according to the IT
account, we should expect to localize the neural corre-
lates underlying this IT mechanism even without any
apparent behavioral effects. Therefore, we performed an
F test on the possible interaction between the response
conflict and the cue validity, that is, “Cued (IE-II) versus
Uncued (IE-IT1).” Thirdly, because the significant 1OR
effect appeared only on neutral words, we investigated
the neural correlates of IOR by comparing neutral words
at the cued and uncued locations using an F test on
“Cued_N versus Uncued _N.”

Table 2 reports all the significantly activated brain
regions in the above three F contrasts in terms of peak
coordinates, Z score, and extent of activation.

The Interaction between Pre-response Conflict and I0R

The F test “Cued (II-N) versus Uncued (1I-N)”’ was car-
ried out to localize the brain regions responsible for
the interaction between the pre-response conflict and
IOR. Results revealed a significant cluster of increased
neural activity in the left rostral ACC (see Figure 3A).

Beta values were extracted from the peak voxel in the
activated left rostral ACC cluster and were shown in
Figure 3A as a function of the six trial conditions. Beta
values in the four conditions involved were highlighted
in gray and entered into a 2 x 2 ANOVA. The results
demonstrated that the significant interaction between
pre-response conflicts and IOR in the left rostral ACC,
F(1,11) = 55.80, p < .001, was because this region
showed higher neural activities to Il words as compared
with neutral words when they were presented at the
uncued location, t(11) = 2.37, p < .05, but it showed a
reversed trend when the stimuli were presented at the
cued location, t(11) = 4.90, p < .001.

The Interaction between Response Conflict and IOR

This F test “Cued (IE-II) versus Uncued (IE-II)" was
carried out to localize the neural correlates underlying
the interaction between response conflicts and IOR. The
result revealed a highly significantly activated cluster in
the left DLPFC (see Figure 3B). A 2 x 2 ANOVA on the
Beta values, extracted from the activation maximum in
the left DLPFC and shown in Figure 3B, showed a
significant interaction for the four conditions involved,
F(1,11) = 32.85, p < .001. Further analyses showed that
this interaction was because the left DLPFC showed
higher neural activities to IE words as compared with
Il words when the stimuli were presented at the cued
location, t(11) = 2.33, p < .05, but the comparison had a
reversed pattern when the stimuli were presented at the
uncued location, t(11) = 6.12, p < .001.

We also conducted analyses for the combined pre-
response and response conflict effects, treating cue
validity (cued vs. uncued) and stimulus type (IE vs.
neutral) as two factors in an F contrast. The significantly
activated regions were the left DLPFC (x = —48,y = 32,
z = 19, 78 voxels), which almost overlapped with DLPFC
loci in the above analysis, and the right cerebellum
(x = 34,y = —54, z = 33, 84 voxels).

IOR Effect for the Neutral Words

The behavioral data (Table 1 and Figure 2) showed
that the significant IOR effect appeared only for neu-
tral words, not for Il or IE words. Therefore, F test
was carried out to examine neural correlates of the
IOR effect for neutral words. This showed significant

Table 2. Brain Regions Activated in the Analyses of Interaction and Cue Validity (p < .001, Uncorrected, Extent =60 voxels)

Contrast Anatomical Regions Cluster Peak (x, Y, z) Z Score Cluster Size (voxels)
Uncued (II-N) vs. Cued (II-N) L rostral ACC (BA 32) —16, 34,3 4.22 77
Cued (IE-IT) vs. Uncued (IE-II) L middle frontal gyrus (BA 46) —54, 26, 23 3.72 90
Uncued_N vs. Cued_N L FEF (BA 6) —40, 4, 41 4.14 67

Coordinates (X, Yy, z) correspond to the Talairach atlas (Talairach & Tournoux, 1988).
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conflict and spatial attentional orienting. When attention
is oriented to the new, uncued spatial location, the
conflicting information there receives more attention
resources and causes more interference, which accord-
ingly evokes the general conflict monitoring mechanisms
in the ACC. Moreover, this result demonstrates that the
ACC is responsive to the pre-response level conflict, at
least at the uncued location where attentional resources
are abundant. This argument is consistent with the
finding of Weissman et al. (2003), but inconsistent with
the findings of Milham et al. (2001) and van Veen et al.
(2001).

An issue in question is that most previous studies on
conflict control found that the conflict control process is
associated with activities in the dorsal or caudal region
of the ACC (e.g., Badre & Wagner, 2004; Weissman et al.,
2003; de Zubicaray et al., 2001; Milham et al., 2001; van
Veen et al., 2001; see Botvinick et al., 2004, Ridderinkhof
et al., 2004 for meta-analysis), whereas the present study
observed activities in the rostral region. Reviewing a
large number of studies, Bush, Luu, and Posner (2000)
suggested that the ACC is a complex brain region with
functionally distinct subregions. The dorsal region of the
ACC is more frequently engaged by cognition whereas
the rostral ACC and subcallosal portions of the ACC are
more engaged in emotional behavior. However, this
distinction is not absolute. Some cognitive tasks also
activated the rostral ACC, whereas some other studies
on emotion showed activation of the dorsal ACC (see
Bush et al., 2000 for a review). It is possible that the
neural activity within the ACC is critically dependent on
the nature of task and response (van Veen & Carter,
2005; Milham et al., 2001, 2003; Bush et al., 2000).

Indeed, the rostral ACC has been reported to be
activated in many tasks involving cognitive conflicts,
such as in dual-task conditions (Dreher & Grafman,
2003) and in stimulus—response conflict tasks requiring
speech utterance (Paus, 2001; Paus, Petrides, Evans, &
Meyer, 1993) or manual response (Milham & Banich,
2005). Evidence from patient studies showed that the
dorsal ACC is not necessary for cognitive control in both
Stroop and go/no-go tasks (Fellows & Farah, 2005),
whereas the more rostral part of the ACC plays impor-
tant roles in modulating Stroop conflicts. Swick and
Jovanovic (2002) found that damage to the left rostral
to mid-dorsal ACC resulted in consistently lower accu-
racy on incongruent trials in the Stroop task, whereas
damage to the right mid-caudal ACC was associated with
normal levels of interference and accurate performance
on incongruent trials. Thus, it seems that the rostral
ACC, as well as the dorsal ACC, plays an important role
in conflict control.

Other studies showed that the rostral ACC also plays a
role in controlling spatial attention and spatial attention
orienting (Small et al., 2003; Koski, Paus, & Petrides,
1998). Small et al. (2003) found that the rostral ACC
(medial prefrontal cortex) was involved in voluntarily

allocating spatial attention when the distribution of
attention must be regulated by internally generated
expectations. Studies on patients with rostral ACC le-
sions also suggested that this region mediated the use of
environmental cues to prepare for action (Alivisatos,
1992; Alivisatos & Milner, 1989) and that damage in this
area may interfere with the ability to benefit from spatial
cues in a target detection task (Koski et al., 1998).
Given the above evidence and given our experimental
design in which both spatial attention and conflict con-
trol were involved, we would like to suggest that the
rostral ACC is likely to be an important neural interface
between spatial attention and pre-response conflict






at the long SOA, we should observe differential brain
activities. The left FEF activated by neutral words at the
uncued location relative to the cued location suggests
that this region is responsible for orienting spatial atten-
tion to the uncued novel spatial location.

To summarize, by combining the manipulation of
spatial orienting with the Stroop task, the present study
found that the rostral ACC is an important neural
interface between pre-response conflict processing and
spatial attention, whereas the left DLPFC underlies the
neural interaction between response conflict and IOR.
The left FEF is critically involved in orienting attention to
the new uncued spatial location during IOR.
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