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Abstract
The ability to select and integrate relevant information in the presence of competing irrelevant
information can be enhanced by advance information to direct attention and guide response selection.
Attentional preparation can reduce perceptual and response conflict, yet little is known about the
neural source of conflict resolution, whether it is resolved by modulating neural responses for
perceptual selection to emphasize task-relevant information or for action selection to inhibit pre-
potent responses to interfering information. We manipulated perceptual information that either
matched or did not match the relevant color feature of an upcoming Stroop stimulus and recorded
hemodynamic brain responses to these events. Longer reaction times to incongruent than congruent
color-word Stroop stimuli indicated conflict; however, conflict was even greater when a color cue
correctly predicted the Stroop target’s color (match) than when it did not (nonmatch). A
predominantly anterior network was activated for Stroop-match and a predominantly posterior
network was activated for Stroop-nonmatch. Thus, when a stimulus feature did not match the
expected feature, a perceptually-driven posterior attention system was engaged, whereas when
interfering, automatically-processed semantic information required inhibition of pre-potent
responses, an action-driven anterior control system was engaged. These findings show a double
dissociation of anterior and posterior cortical systems engaging in different types of control for
perceptually-driven and action-driven conflict resolution.
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INTRODUCTION
Selective perception and goal-directed action depend on an interaction of executive, motor,
and sensory control processes (Fuster, 2007). A fundamental aspect of goal-directed actions
involves the ability to select relevant and inhibit irrelevant information. Selection is especially
challenging in conflict situations when information becomes overlearned as occurs when
stimuli have semantic value and responses become “automatic.” In this case, overlearned
information can interfere with appropriate response selection (Kahneman and Chajczyk,
1983; Jacoby et al., 2003; Langenecker et al., 2004). Advance information from valid cueing
can improve and accelerate effective selection of relevant stimulus attributes and inhibition of
irrelevant information during cognitive operations (Damasio, 1996; Meiran, 1996; Posner et
al., 1980; Sudevan and Taylor, 1987). Functional imaging studies have shown that the
prefrontal cortex (PFC) mediates many aspects of conflict processing, but it is not fully
understood how perceptual cueing influences conflict resolution or how the brain processes
conflict with perceptual cueing (Stern et al., 2007).

In monkeys, recording from single neurons demonstrated a necessary role of the PFC in a
match-to-sample task (Wallis et al., 2001). In humans, neuroimaging studies have identified a
predominant role of the PFC in tasks that require overriding pre-potent responses, such as in
Stroop conflict tasks (McLeod, 1991; Stroop, 1935), when the semantic property of a word
(e.g., the word RED written in blue ink) involuntarily or automatically interferes with
perceptual stimulus feature processing required to name its ink color (Bush et al., 2003; Lungu
et al., 2007).

Here, we used functional magnet resonance imaging (fMRI) to examine whether processing
perceptual information to resolve an impending conflict is unique to the PFC or extends to
posterior attentional and sensory systems. Accordingly, we developed a Stroop Match-to
Sample task that required matching the color of a cue stimulus to the color of a Stroop target
stimulus to assess perceptual-driven and action-driven conflict processing and to determine
whether these processes engage separate or shared neural correlates of conflict processing.
Previously, we demonstrated that reaction times were faster and more accurate for cue-target
color matches than nonmatches, whereas Stroop conflict was actually greater for match than
nonmatch trials (Schulte et al., 2008; Schulte et al., 2006). This finding is consistent with a
study by Chen (2003), who observed greater Stroop interference with valid than invalid cues
in a Stroop task that employed spatial cues and lateralized stimulus presentation. Chen
(2003) argued that extending the attentional focus with invalid spatial cues limits processing
resources otherwise available to process the Stroop word’s meaning, whereas narrowing the
attentional focus with valid cues leaves resources for distractor processing and increases
interference. The attentional focus hypothesis, however, cannot explain the differential degree
of inhibition across conditions observed for color cues. Nevertheless, the validity of prior
perceptual information may influence resources available to process distracting information.
Processing load may be higher with nonmatching cues than matching color cues, owing to
suppression of invalid color information, updating and selecting of incoming relevant
information (Lavie, 1995).

Imaging studies have shown greater activity in anterior cingulate cortex (ACC),
presupplementary motor areas (SMA), dorsolateral prefrontal cortex (DLPFC), and inferior
parietal lobe (IPL) when monitoring and resolving conflict (Botvinick et al., 1999; Casey et
al., 2000). It has been argued that anterior and posterior brain regions are differentially sensitive
to stimulus and response conflict (Davelaar, 2008; Liu et al., 2004; Milham et al., 2001; van
Veen et al., 2001). For stimulus-stimulus conflict between the relevant color-attribute and the
irrelevant word-attribute (Stroop task), posterior regions (e.g., IPL) involved in biasing the
processing toward the task-relevant feature were activated, whereas for stimulus-response
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conflict between irrelevant spatial stimulus information and response to task relevant
nonspatial information (Simon-task), anterior regions (e.g., ACC, SMA) sensitive to detection
of response conflict, response selection, and planning were activated (Liu et al., 2004).
Conflict-related activity in these areas, however, can be reduced when cognitive conflict occurs
consecutively (Kerns et al., 2004) and when cues enable preparation to resolve conflict (Egner
and Hirsch, 2005; Blasi et al., 2007; Luks et al., 2007). For example, the ACC was activated
during resolving response conflict but not during stimulus conflict (van Veen et al., 2001)
whereas DLPFC was also activated with stimulus conflict (Liu et al., 2004; Milham et al.,
2001). Although neuroimaging findings suggest that anterior brain regions are activated in
response conflict processing, recent behavioral studies indicate that conflict processing is
driven more by the amount of stimulus conflict than by the amount of response conflict
(Notebaert and Verguts, 2006; Verbruggen et al., 2006). Thus, prior conflict and attentional
preparation can reduce the experience of conflict, yet little is known about how prior valid and
invalid perceptual information prepares attentional systems for color-word conflict processing.

We hypothesized that different cognitive mechanisms and brain systems control conflict
resolution for perception and action selection. Specifically, when the validity of advance
perceptual information modulates the visual system’s response to relevant features, automatic
processing of interfering information with valid cues requires inhibition of inaccurate responses
for goal-directed actions, we predicted engagement of an action-driven anterior control system.
By contrast, when a stimulus feature does not match the expected feature and increases
processing load, we predicted engagement of a perceptually-driven posterior attention system.

MATERIALS AND METHODS
Subjects

Adult volunteers (12 women, 12 men; mean age = 23.5 ± 2.9 years, range 19-30 years)
underwent fMRI while performing the Stroop Match-to-Sample task. All subjects were
neurologically healthy, highly educated (15.6 ± 1.1 years, range 14-18 years), right-handed,
and were free of history of illicit substance or alcohol abuse or dependence according to DSM-
IV criteria. Subjects gave written informed consent to participate in this study, which was
approved by the Institutional Review Boards at Stanford University School of Medicine and
SRI International.

Stimuli and experimental design
Stroop Match-to-Sample Task. Stimuli were created and presented with PsyScope software.
Subjects matched the color of a cue stimulus displayed for 450 ms in the center of the screen
to the color of a Stroop target stimulus that appeared for 1100 ms after an interstimulus interval
of 300 ms and was followed by a blank screen for about 1450 ms (Figure 1). Thus, subjects
had 2550 ms to respond. The total trial duration was 3.3 sec. The color cue either matched or
did not match the color of the Stroop target, which was either congruent (word blue written in
blue ink) or incongruent (word blue written in red ink). Cue and target colors were red, green
or blue. The congruent color-word condition is the non-Stroop control condition, and Stroop
effects were examined by comparing congruent and incongruent conditions (Pardo et al.,
1990;Koch and Brown, 1994;Melcher and Gruber, 2006). In incongruent-nonmatch trials the
word always matched the cue color (e.g., red cue, word RED written in green ink). Subjects
pressed a YES-key for cue-target color matches and a NO-key for nonmatches, yielding
accuracy and reaction time measures (Figure 1, top). To mix YES- and NO responses four
blocks were presented, two containing incongruent match and non-match trials (incongruent,
INC) and the other two containing congruent match and nonmatch trials (congruent, CON) in
addition to four same-response blocks (congruent-match, congruent-nonmatch, incongruent-
match, incongruent-nonmatch) (Figure 1, bottom). Trials presented in same- and mixed-
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response blocks were the same; only the order of trials differed. Two runs were presented with
18 blocks each (1 block = 9 TRs or 6 trials; TR = 2.2 sec) including two rest condition blocks
at the end of each run. In the rest condition, subjects passively viewed Stroop Match-to-Sample
trials.

The start of the scan was triggered automatically from PsyScope software. Test instructions
were reviewed with the subject by the examiner in a short practice session before entering the
scanner and also via the scanner intercom system before the onset of each run. Subjects had a
short break after ~ 6 minutes, i.e., between run 1 and run 2, but remained in the scanner. In the
Stroop Match-to-Sample task, we chose subvocalization, as done by others (Adleman et al.,
2002; Blumberg et al., 2003; Mead et al., 2002; Peterson et al., 1999; 2002), because overt
speech can cause significant fMRI signal artifacts (Barch et al., 1999). By combining a subvocal
response with a matching task, we were able to measure task performance and task compliance
during scanning.

MRI data acquisition
Imaging was performed with a 3.0-T whole body MRI scanner (General Electric Medical
Systems, Signa, Waukesha, WI, USA) using the Array Spatial Sensitivity Encoding Technique
(ASSET) 3T head coil. Structural MRI protocols consisted of a spin-echo localizer scan and a
T2-weighted fast spin-echo anatomical scan (axial acquisition; TE = 17 ms; TR = 5000 ms;
FOV = 24 cm; 256 × 192 matrix; NEX = 1.0; slice thickness = 5 mm; 36 slices) used for
spatially registering the fMRI data. Whole-brain fMRI data were acquired with a T2*-weighted
gradient echo planar pulse sequence (axial, mode = 2D, Scan timing: TE = 30 ms, TR = 2200
ms, flip angle = 90°, matrix = 64 × 64, slice thickness = 5 mm, 36 slices). Image preprocessing
and statistical analyses were performed using the SPM2 software package (Wellcome
Department of Cognitive Neurology, University College London, UK).

The functional images were subjected to motion correction, and the T2-weighted FSE structural
images were coregistered to the motion-corrected functional mean images for each subject.
The images were then normalized to MNI (Montreal Neurological Institute, Quebec, Canada)
space, and the volumes were smoothed with a Gaussian kernel of 8 mm (FWHM).

Data analysis
Individual statistics were computed using a general linear model approach (Friston et al.,
1995) as implemented in SPM2. Statistical preprocessing consisted of high pass filtering at
39.6s, low pass filtering through convolution with the SPM2 canonical hemodynamic response
function, and global scaling. A random effect analysis was conducted for group averaging and
population interference, where one image per contrast was computed for each subject, and
these images were subjected to t-tests, which produced a statistical image for the following
contrasts for each subject: Stroop-match (INC > CON, for match (M) trials), Stroop-nonmatch
(INC > CON, for nonmatch (NM) trials). The contrasts (INC > CON) for match and nonmatch
trials for each individual were entered in one-sample t-tests. Finally, ANOVAs between Stroop-
nonmatch and Stroop-match were performed to compare the activity of brain regions
preferentially involved in either subprocess. Analyses were carried out with an uncorrected P
value threshold of 0.001, and k = 10 voxels as extent threshold. We additionally tested whether
our findings were robust when using a threshold that corrects for multiple comparisons.
Accordingly, we used a statistical threshold with a joint-expected probability of p = .01 for
height and p = .05 for extent corrected for the whole brain (Poline et al. 1997). For display
purposes, group activations were superimposed onto a single subject’s T2-weighted SPM2-
template image. Brain areas were determined by using the MNI coordinate function in MRICro,
Version 1.40, from Chris Rorden (http://www.mricro.com). For validation, SPM-MNI
coordinates in tables were transformed into the coordinate system of the Talairach and
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Tournoux (1988) stereotaxic atlas using the transformation from Matthew Brett
(http://www.mrc.cbu.cam.ac.uk/Imaging/mnispace.html). Activations in the cerebellum were
characterized using the atlas of Schmahmann et al. (2000).

To investigate individual differences concerning the brain-behavior relationship in the
presence of attentional cueing, we performed region-of-interest (ROI) analyses. ROIs were
selected from the contrasts Stroop-match vs. Stroop-nonmatch and incongruent-match vs.
incongruent-nonmatch, where we hypothesized the existence of associations with Stroop-
match and Stroop-nonmatch task performance. For this exploratory analysis, we used a
statistical threshold of a height threshold of p < .05 family-wise error (FWE) corrected.
Correlations were considered significant when corrected for multiple comparisons
PFWE-corrected = .05, and considered at trend level when PFWE-corrected > .05 and ≤ .1. For
display purposes of correlations, we extracted the mean parameter estimates from these clusters
using the MarsBaR region of interest (ROI) analysis toolbox (marsbar.sourceforge.net/)
implemented in SPM2.

RESULTS
Behavioral results

Incidence of errors was less than 2% (3.2 ± 3.3), and misses and reaction time outliers less than
0.5% (misses: 0.6 ± 1.5; outliers: 0.9 ± 1; outlier = RTs ± 3 SD from mean for each condition),
indicating high accuracy levels while performing the Stroop Match-to-Sample task in the
scanner. A repeated measures ANOVA with Stroop (incongruent, congruent), Match (match,
nonmatch), and response block (mix, same) as within-subject variables revealed a significant
Stroop effect with RTs to incongruent trials longer than to congruent trials (F(1,23) = 55.8, p
< .0001), a cue-target match effect with RTs faster to match trials than to nonmatch trials (F
(1,23) = 19.11, p < .0001), and a significant Stroop-by-match interaction (F(1,23) = 5.53, p = .
028). Response times to congruent-match (CON-M) trials were shorter than RTs to
incongruent-match (INC-M) and congruent-nonmatch (CON-NM) trials, which were shorter
than RTs to incongruent-nonmatch (INC-NM) trials.

The Stroop effect was on group average 69.7 ms for match and 29.9 ms for nonmatch trials.
RTs did not significantly differ between mixed- and same-response blocks (F(1,23) = 1.59,
p = .22), and there were no significant interactions between response block and Stroop (F(1,23)
= 2.01, p = .17), between response block and match (F(1,23) = 0.26, p = .62), or among the
three factors (F(1,23) = 1.11, p = .31). Thus, neither reaction time nor Stroop conflict or match
effects differed significantly between response blocks (Figure 2). Follow-up t-tests comparing
same and mixed response blocks for each condition showed no significant RT difference
(congruent-match t(23) = 0.21, p = .83; congruent-nonmatch t(23) = 0.11, p = .92; incongruent-
match t(23) = 1.89, p = .07; incongruent-nonmatch t(23) = 0.49, p = .63).

Neural correlates of Stroop Match-to-Sample effects
To localize brain areas that were more active during incongruent than congruent Stroop target
processing, we generated Stroop contrast images (INC > CON) for match and nonmatch trials
for each subject. Contrast images were then entered into one sample t-tests for second-level
group analyses for Stroop-match and Stroop-nonmatch.

Stroop-match contrast—Stroop processing (INC > CON) with valid pretrial color cueing
(match) was associated with an increased BOLD response in the frontal and parietal brain
regions including right superior, middle and inferior frontal gyri, bilateral inferior parietal
cortex, right superior parietal lobe and right middle temporal gyrus. The opposite contrast
(CON > INC) yielded several significant activations, including bilateral visual and
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parahippocampal areas, bilateral ventral middle (i.e., junction of posterior and anterior)
cingulate cortex, bilateral supplementary motor areas and left superior temporal gyrus (Table
1).

Stroop-nonmatch contrast—Stroop processing (INC > CON) with invalid pretrial color
cueing (nonmatch) was associated with an increased BOLD response in left middle temporal
(BA 37) and right precentral gyri (BA 6). The opposite contrast (CON > INC) showed a
significant activation in the right dorsal anterior cingulate cortex (Table 1).

Comparison between Stroop-match and Stroop-nonmatch—Increased BOLD
response specific to Stroop-match (vs. Stroop-nonmatch) occurred mainly in anterior brain
areas, including bilateral dorsolateral prefrontal cortex (DLPFC) (BA 9, 46), dorsal anterior
cingulate cortex (ACC) (BA 32), ventrolateral prefrontal cortex (VLPFC) (BA 45), and parietal
areas (left BA 7, 40; right BA 40) (Figure 3). Increased BOLD response specific to Stroop-
nonmatch (vs. Stroop-match) occurred mainly in posterior brain areas, including bilateral
visual association (BA 19), right middle and inferior temporal gyrus (BA 37, 39),
somatosensory (BA 2, 3) and somatosensory association (BA 5) areas, and also left motor (BA
4) and supplementary motor (SMA, BA 6) areas, and uvula of the cerebellum (Table 2, Figure
3).

Processing incongruent information was associated with increased BOLD signal for match
compared to nonmatch in mainly anterior brain areas, including insula (bilateral BA 48), dorsal
(right BA 32) and ventral anterior cingulate cortex (left BA 24), dorsolateral prefrontal cortex
(right BA 9, 46), supramarginal gyrus (bilateral BA 40) and bilateral thalamus. The opposite
contrast for processing incongruent information with nonmatch compared to match color cues
was associated with activation of posterior visual and motor processing areas including middle
temporal and occipital gryus (right BA 37, 19), motor cortex (right BA 4), somatosensory (left
BA 3) and somatosensory association (left BA 5) areas, and the cerebellum (Table 3). The
results were significant even after correcting for multiple comparisons (Tables 1-3).

Correlation analyses
Correlation analyses tested the relationships between BOLD signal and performance
differences involving Stroop conflict for cue-target color matches and nonmatches. Stroop-
match behavioral effects indicating greater conflict were correlated with lower activation in
the right DLPFC (BA 9) (t = 3.20; PFWE corrected = .011), and right insula (BA 48) (t = 3.45;
PFWE corrected = .044), but not with activation in posterior brain regions (PFWE corrected > .
1). One subject appeared to be an outlier (Figure 4); analyses without this subject showed a
trend toward a negative correlation between Stroop-match effects and right DLPFC activation
(t =2.17, PFWE corrected = .079). By contrast, Stroop-nonmatch behavioral effects indicating
greater conflict showed trend correlates with lower activation in the right middle temporal
gyrus (MTG) (BA 37, 19) (t = 2.81; PFWE corrected = .075), but not with activation in anterior
brain regions (PFWE corrected > .1) (Figure 4).

DISCUSSION
We used a novel Stroop Match-to-Sample task to examine how perceptual cueing influences
behavior and modulates neural activity during conflict processing. Both behavioral and fMRI
results indicate that color cueing influenced conflict processing: Greater Stroop effects in match
relative to nonmatch trials were associated with increased activation in anterior brain regions,
whereas smaller Stroop effects in nonmatch relative to match trials were associated with
increased activation in posterior brain regions.
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Effects of perceptual color cueing on Stroop performance
Perceptual cueing produced greater behavioral Stroop effects, manifest as longer reaction times
for incongruent than congruent stimuli, when the color cue correctly predicted the Stroop
target’s color (match) than when it did not (nonmatch). Reaction times were longest for
incongruent-nonmatch trials, intermediate for congruent-nonmatch and incongruent-match
trials, and shortest for congruent-match trials. This replicates our earlier behavioral Stroop
Match-to-Sample study where conditions were randomly intermixed (Schulte et al., 2005) and
is consistent with other studies demonstrating a cueing benefit for congruent trials using cues
that provided information about which type of target is coming next (Aarts et al., 2008; Crump
et al., 2006; Gratton et al., 1992; Logan and Zbrodoff, 1982). Prior information from cues can
facilitate the processing of an upcoming conflict (Luks et al., 2007; Stern et al., 2007); similarly,
prior conflict reduces subsequent conflict in following trials (Egner and Hirsch, 2005; Gratton
et al., 1992). It has been argued that such “conflict adaptation” occurs because cognitive control
is enhanced after detecting an incongruent trial or when a cue prepares for conflict and, as a
consequence, decreases subsequent experience of conflict (Botvinick et al., 2001; Egner,
2007; Kerns et al., 2004; Larson et al, 2009; Ullsperger et al, 2005). However, in our paradigm
cues carried color information only and provided no specific information about whether the
upcoming target would be congruent or incongruent. Yet, cueing a specific feature, such as
color, can benefit processing stimuli with that feature by creating a memory representation
(Awh and Jonides, 2001; Funes et al., 2007). Hence, the resulting processing enhancement can
then amplify processing of congruent information, thereby increasing Stroop effects for match
trials.

With incongruent and nonmatch information, cognitive control adjustments include action-
driven control for monitoring and resolving response conflict from incongruent Stroop targets
in addition to perceptually-driven control for disengaging attention from the incorrectly cued
color (nonmatch) (Carter et al. 2000; Pardo et al. 1990; MacDonald et al. 2000). Specifically,
incongruent and nonmatch trials constitute a challenging condition for subjects, because such
trials require both inhibiting a pre-potent response to the Stroop word’s meaning and making
a nonmatch decision, where the cue color does not match the targets ink color. Thus, resolving
nonmatch and incongruency involves separate component processes of action- and perceptual-
driven cognitive control, which provides one explanation why responses in incongruent-
nonmatch trials were longer than responses to incongruent-match and congruent-nonmatch
trials (Schulte et al., 2005; Schulte et al., 2008). The paradox of greater Stroop effects for match
than nonmatch trials may be explained by the operation of different cognitive control demands
for processing incongruency only (Stroop-match) from those used for processing both
incongruency and nonmatch (Stroop-nonmatch).

Neural correlates of Stroop conflict with matching and nonmatching perceptual cues
Consistent with our proposal that different cognitive control mechanisms are involved in
resolving Stroop conflict for match and nonmatch conditions, we found different brain systems
associated with Stroop-match and Stroop-nonmatch processing.

Fronto-parietal Stroop-match activity—With matching cues, incongruent Stroop targets
activated a lateral fronto-parietal network including DLPFC and bilateral parietal lobes,
whereas congruent Stroop targets activated a medial frontal-occipital network including
middle cingulate cortex, supplementary motor, extrastriate and parahippocampal areas. Fronto-
parietal network activation has been previously reported for processing of incongruency with
parietal areas implicated in processing stimulus-conflict and frontal areas in processing
response conflict (Davelaar, 2008). However, our findings of fronto-parietal network activation
for incongruent-match trials together with enhanced Stroop-match behavioral effects indicate
that matching perceptual cues do not assist in resolving conflict from incongruent Stroop targets
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even though they benefited responses for congruent Stroop targets. Hence, activation in
parahippocampal, medial cingulate and supplementary motor areas for congruent-match
conditions may reflect working memory processes required to maintain the color cue
information for effective response selection (Cavina-Pratesi et al., 2006; Desimone, 1996;
Gonzalez-Hernandez et al., 2002; Ungerleider et al., 1998), whereas activation of occipito-
temporal areas may be indicative of color and language processing when matching stimulus
properties of cue and congruent targets (Barrett et al., 2001; Donohue et al., 2008; Simon and
Baker, 1995).

Posterior visuo-motor Stroop-nonmatch activity—With non-matching cues, fewer
areas (occipito-temporal and precentral gyri) with smaller cluster size were activated when
processing incongruent than congruent Stroop targets. This pattern of only modest activations
in nonmatch conditions is consistent with smaller Stroop-nonmatch behavioral effects.

Dissociation of frontal executive control and posterior visuo-motor networks in conflict
processing

A direct comparison of regional BOLD responses engaged in Stroop-match and Stroop-
nonmatch elicited a double dissociation with a predominantly anterior network activated during
Stroop-match (DLPFC, VLPFC, dACC, parietal cortex) and a predominantly posterior network
activated for Stroop-nonmatch (extrastriate cortex, somatosensory association cortex, motor
and supplementary motor areas, cerebellum). Evidence that these differential anterior-posterior
activation patterns are Stroop conflict-related is provided by the fact that incongruent-match
trials activated a fronto-parietal control network (DLPFC, ACC, SMG), whereas incongruent-
nonmatch trials activated a cortico-cerebellar motor and visual processing network.

Given greater behavioral Stroop conflict for match than nonmatch trials, our results
complement previous studies showing greater activity in prefrontal and parietal brain areas for
high relative to low conflict processing (Botvinick et al., 1999; Casey et al., 2000). Involvement
of the anterior cingulate cortex (ACC) in Stroop-match processing is consistent with the
contention that ACC activity reflects conflict detection at the decision stage, particularly in
trials eliciting high-conflict (Pochon et al., 2008). Carter and van Veen (2007) postulated that
the specific role of the ACC in cognitive control is to detect conflict between competing
stimulus attributes and to engage the DLPFC to resolve such conflict. DLPFC activation has
been further implicated in working memory functions (Curtis and D’Esposito, 2003; Edin et
al., 2009) and may have been recruited during Stroop-match processing to hold information
online while conflicts were being resolved. Our finding that smaller behavioral Stroop-match
effects correlated with greater activation in the DLPFC is consistent with this prediction.

With nonmatch trials, processing Stroop conflict invoked a posterior network involving
occipital-temporal gyri, postcentral gyri, cerebellar and extrastriate cortex areas. These results
are similar to those of Zhang et al. (2008) and Curtis and D’Esposito (2003), who found
occipito-temporal cortex activation for mismatch conditions. Yet, in our paradigm,
nonmatching cue colors matched the Stroop word’s content. Thus, the finding that Stroop
conflict was reduced with perceptual cueing of the interfering feature suggests that cognitive
control mechanisms can operate on specific stimulus features at early perceptual stages of
conflict processing (Scerif et al., 2006). Alternatively, smaller Stroop-nonmatch behavioral
conflict may reflect greater perceptual processing demands when nonmatch trials limit
resources available to process incongruent information (Lavie, 1995; Lavie, 2006).

Effect of response repetition on Stroop conflict
An inherent limitation of our study is use of a block design, precluding the opportunity to
distinguish cue from target-related activity or to measure trial-by-trial variations in conflict
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and control to isolate their neural correlates. To minimize this limitation, we manipulated the
order of responses in the mixed response trials and the order of mixed and same response blocks
within a run. Post-scan debriefing revealed that none of the subjects recognized the blocked
stimulation pattern of the experiment. When a stimulus sequence obeys an underlying
regularity, conflict adaptation from implicit learning can occur even though participants may
not be aware of it (Nissen and Bullemer, 1987). Then, one would expect more conflict in blocks
with an irregular stimulus-response (SR) sequence because irregular, less automatic SR
mappings rules lead to more conflict than repetitive stimulus-response mappings (Mayr et al.,
2003; Hommel, 2004; Verguts and Notebaert, 2008). Yet, neither reaction time nor Stroop
conflict differed between blocks with irregular (mixed-response blocks) and regular (same-
response blocks) stimulus-response mappings, providing evidence that implicit sequence
learning did not play a role for conflict processing in our block paradigm. Furthermore, during
incongruency processing (same-response blocks) we found activation of prefrontal, anterior
cingulate, and parietal cortices typically associated with conflict monitoring and conflict
resolution, as have others (Botvinick et al., 2004; Kerns et al., 2004); this activation pattern
was modulated by perceptual cueing, consistent with behaviorally greater Stroop-match than
Stroop-nonmatch effects. Thus, it appears that pretrial cueing of task-relevant perceptual
information can modulate conflict by invoking control mechanism of attentional preparation
and working memory to maintain the color cue information for high-level perceptual and motor
response selection in the Stroop Match-to-Sample task (Simon and Baker, 1995; Donohue et
al., 2008).

Conclusion
Our findings demonstrate that different brain systems underlie action-driven and perception-
driven conflict resolution. An action-driven anterior control system was engaged when
interfering semantic information required inhibition of pre-potent responses, whereas a
perceptually driven posterior attention system was engaged when perceptual processing was
required to resolve conflict when cue and target colors did not match. Thus, this study shows
a double dissociation of anterior and posterior networks engaging in different sets of cognitive
control for Stroop conflict resolution depending on prior perceptual information. This
distinction has ramifications for clinical research in populations, such as patients with
substance abuse disorder who show deficits in resolving conflict or exerting executive control
over impulsive responses to automatically processed stimuli (Garavan and Hester, 2007; Oscar-
Berman and Marinković, 2007; Schulte et al., 2008; Uslaner and Robinson, 2006).
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Figure 1.
Top: Stroop Match-to-Sample design, illustrating 4 conditions: incongruent-match, congruent-
match, incongruent-nonmatch, and congruent-nonmatch. A color cue (XXXX) presented for
450ms was followed by an incongruent or congruent Stroop target stimulus that appeared for
1100ms after an inter-stimulus interval (ISI) of 300ms. The inter-trial interval (ITI) was 1450
ms. Subjects matched the color of the cue to the ink color of the Stroop stimulus. The example
shown uses two colors although over trials three colors were used (red, green, and blue).
Bottom: fMRI block design illustrated for 8 blocks. Each block consisted of 6 trials (9 TRs).
Each block lasted for 19.8 sec. Stroop stimuli in each block were either congruent (e.g., word
BLUE written in blue ink) or incongruent (e.g., word BLUE written in red ink). In half of the
blocks cue-target color either matched or did not match, in the other half of the blocks match
and nonmatch trials were mixed. In total 36 blocks were presented in pseudo-random order
ensuring that each condition was equally often represented.

Schulte et al. Page 14

Neuroimage. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Stroop Match-to-Sample performance. Illustration of the Stroop-by-Match interaction effect:
Stroop effects (incongruent — congruent) were greater for match than nonmatch trials.
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Figure 3.
Illustration of two dissociated neural networks: fronto-parietal network showing higher
activation for Stroop-match than Stroop-nonmatch trials (left) and visuo-motor network
showing higher activation for Stroop-nonmatch than Stroop-match trials (right). Using
MarsBaR ROI data extraction tool, regional activations were extracted for Stroop (INC > CON)
contrasts for match and nonmatch trials, and illustrated to the left of regional activations.
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Figure 4.
Significant correlations between behavioral Stroop-match and Stroop-nonmatch effects and
regional brain activations; 24 right-handed young healthy subjects (12 male, 12 female).
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