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The purpose of this experiment was to directly examine the neural
mechanisms of attentional control involved in the Simon task as
compared to a spatial Stroop task using event-related fMRI. The Simon
effect typically refers to the interference people experience when there
is a stimulus—response conflict. The Stroop effect refers to the
interference people experience when two attributes of the same
stimulus conflict with each other. Although previous imaging studies
have compared the brain activation for each of these tasks performed
separately, none had done so in an integrated task that incorporates
both types of interference, as was done in the current experiment. Both
tasks activated brain regions that serve as a source of attentional
control (dorsolateral prefrontal cortex) and posterior regions that are
sites of attentional control (the visual processing stream—middle
occipital and inferior temporal cortices). In addition, there were also
specific brain regions activated to a significantly greater degree by one
task and/or only by a single task. The brain regions significantly more
activated by the Simon task were those sensitive to detection of
response conflict, response selection, and planning (anterior cingulate
cortex, supplementary motor areas, and precuneus), and visuospatial —
motor association areas. In contrast, the regions significantly more
activated by the Stroop task were those involved in biasing the
processing toward the task-relevant attribute (inferior parietal cortex).
These findings suggest that the interference effects of these two tasks
are caused by different types of conflict (stimulus—response conflict for
the Simon effect and stimulus—stimulus conflict for the Stroop effect)
but both invoke similar sources of top-down modulation.
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Introduction

Regardless of one’s theoretical outlook, attentional control in-
volves selection. This selection process can occur at multiple stages
of processing—at the perceptual stage with regards to a specific
attribute (e.g., the red item) or a particular location (e.g., the right
hand item), at a more central stage concerning an abstract attribute
(e.g., fruits but not vegetables), or at the response stage (e.g.,
pressing a right-hand key not a left-hand one). There are several
paradigms that have been used extensively to examine attentional
control, the Stroop task being one and the Simon task being another.

In the standard color—word Stroop task (Stroop, 1935), which
was described by MacLeod (1992) as the “gold standard” of
attentional measures, individuals see a colored word. The task is to
identify a task-relevant dimension, such as the item’s ink color,
while ignoring a task-irrelevant dimension, such as the word’s
meaning or the response to which it leads. Typically, performance
on incongruent trials in which the word and its ink color conflict
(e.g., the word “red” in blue ink) is compared to that on neutral
trials in which the word’s meaning is not color-related (e.g., the
word “lot” in blue ink). The former requires more attentional
control than the latter as the color word has the ability to interfere
with selection of a response based on ink color. Numerous
neuroimaging studies have indicated that incongruent Stroop trials
activate a series of brain regions involved in selection at the central
and response stages. These regions include the dorsolateral pre-
frontal cortex (DLPFC), anterior cingulate cortex (ACC), and
posterior parietal cortex (PPC) (Banich et al., 2000a,b, 2001;
Barch et al., 2001; Bench et al., 1993; Brown et al., 1999; Bush
et al., 1998; Carter et al., 1995; Leung et al., 2000; MacDonald et
al., 2000; Milham et al., 2001, 2002, 2003; Pardo et al., 1990;
Peterson et al., 1999). Similar regions are activated by spatial
variants of the Stroop task. In a typical spatial Stroop task,
individuals are told to respond to the location of a word and
responses are generally slower on the incongruent trials in which
the word is incompatible with its location (e.g., the word ““above”
positioned below a box) than on the neutral trials in which the
word (e.g., “hope”’) does not denote any spatial location (Banich
et al., 2000Db).
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Another well-studied behavioral paradigm of attentional se-
lection, the Simon task (Simon and Small, 1969), examines
competition at the stimulus—response level (for a review, see
Proctor and Reeve, 1990). In this task, performance of the
incompatible trials on which one must give a response that is
spatially incompatible with the stimulus (e.g., respond with the
right hand to a left-hand stimulus) is compared to that of the
compatible trials (e.g., respond with the right hand to a right-hand
stimulus). Generally, responses are longer for the incompatible as
compared to compatible stimuli. The neural basis of this phe-
nomenon has not been well studied (Bush et al., 2003; Dasson-
ville et al., 2001; Fan et al., 2003; Iacoboni et al., 1998; Peterson
et al., 2002).

Although both the Simon and spatial Stroop tasks share many
similar properties (e.g., the location of the stimulus being the task-
irrelevant dimension), they have been studied in distinct manners
to examine different theoretical issues (Lu and Proctor, 1995).
Behavioral research on these two paradigms has focused on diverse
theoretical issues, in spite of the similarity among the task
characteristics. For the Simon effect, researchers have focused on
elucidating how the spatial stimulus—response conflict arises
(Hasbroucq and Guiard, 1991; Hommel, 1995; Proctor and Reeve,
1990). For the spatial Stroop effect, researchers have focused on
how the stimulus—stimulus conflict between the task-relevant (e.g.,
location) and task-irrelevant (e.g., word meaning or response
mapping) attributes is resolved by attentional selection (MacLeod,
1991).

Despite the similarities between the Simon and spatial Stroop
effects as reviewed in Lu and Proctor (1995), Kornblum (1992)
classified them into different categories of stimulus—response
ensembles. In Kornblum’s terms, ensembles are characterized
according to the dimensional overlaps between (1) the relevant
and irrelevant stimulus dimensions, (2) the relevant stimulus
dimension and the response dimension, and (3) the irrelevant
stimulus dimension and the response dimension. According to
Kornblum, the classic Simon task is a Type 3 stimulus—response
ensemble, in which the relevant stimulus dimension does not
overlap with the response dimension while the irrelevant stimulus
dimension does. In contrast, he considers the classic color—word
Stroop task as a Type 8 ensemble, in which there is overlap not
only between the relevant stimulus and response dimensions and
between the irrelevant stimulus and response dimensions, but also
between the relevant and irrelevant stimulus dimensions. Thus, the
Stroop effect is distinct from the Simon effect in that it has the
addition of overlap between the relevant and irrelevant stimulus
dimensions. Moreover, we conceptualize these two effects as
representing somewhat different types of response conflict. The
Simon effect results from the direct stimulus—response conflict,
due to the need to overcome the potent association between the
stimulus and response of the same side (e.g., left hand response to
left-side stimulus). In contrast, the Stroop effect results from the
stimulus—stimulus conflict between the two attributes, which also
lead to the conflicting responses (e.g., word “red” and blue ink
lead to contflicting responses when both red and blue are potential
responses).

Given the superficial and taxonomical similarities and differ-
ences between the Simon and Stroop effects, Lu and Proctor (1995)
suggested, based on the analysis of behavioral performance that
they share a common theoretical foundation: attentional and re-
sponse selection. Several theoretical and computational models
have been proposed that provide an integrated account for both

the Simon and Stroop effects (Hasbroucq and Guiard, 1991;
Kornblum et al., 1999; Zhang et al., 1999). However, there is still
a debate over whether there is a common source for both effects,
especially with regards to their neural substrates. Lu and Proctor
(1995) noted that “None of the accounts developed for the Simon
effect or the spatial Stroop effect seems capable of handling the
majority of findings from both task domains without significant
modification. However, many of the central features of these
accounts are supported by the existing evidence, and a model that
combines several of these features in a principled manner would
seem to be most promising.”’

An examination of the findings of recent neuroimaging studies
on each task in isolation suggests that these two measures of
attentional control activate similar neural structures (Bush et al.,
2003; Peterson et al., 2002), although each appears to activate
unique brain regions as well (Banich et al., 2000b; Brown et al.,
1999; Carter et al., 1995; Fan et al., 2003; Iacoboni et al., 1996,
1998; Leung et al., 2000; MacDonald et al., 2000; Pardo et al.,
1990; Praamstra et al., 1999). Typically, the Stroop effect activates
broadly distributed brain areas, including DLPFC, ACC, inferior
frontal, inferior parietal, and inferior temporal cortices, while the
Simon effect usually activates dorsal premotor, posterior, and
superior parietal areas. Across studies, regions activated by both
tasks appear to be the DLPFC and dorsal ACC.

We are aware of only two studies to date in which the standard
color—word Stroop and Simon effects have been directly compared
(Fan et al., 2003; Peterson et al., 2002). In one study, Peterson et al.
(2002) conducted two event-related fMRI experiments on the same
group of participants. In one experiment, participants were given a
color—word Stroop task and in the other a Simon task. For the
Stroop task, they were presented either a congruent (e.g., the word
“red” in red color) or incongruent (e.g., the word “red” in blue
color) color—word stimulus and asked to silently respond to the ink
color of the word. For the Simon task, they were presented a white
arrow pointing either to the leff or right against a black background,
either to the Jeft or right of a central fixation cross. Participants were
instructed to press a key to either the /left-pointing or right-pointing
arrow with the index (relative lefiward) or middle (relative right-
ward) finger of their right hand, respectively. On congruent trials,
the direction of the arrow was the same as the location of the arrow
relative to the fixation (e.g., a rightward pointing arrow to the right
of fixation), whereas on incongruent trials, the direction of the
arrow was opposite to the location of the arrow relative to the
fixation (e.g., a rightward pointing arrow to the /eft of fixation). In
both the Stroop and Simon tasks, the incongruent trials were more
infrequent than the congruent trials.

These researchers found remarkably similar results for both the
Simon and Stroop tasks. The brain regions activated by the
incongruent stimuli as compared to the congruent stimuli in both
tasks included DLPFC, ACC, supplementary motor areas (SMA),
visual association cortex, inferior temporal, inferior parietal, and
inferior frontal cortices, as well as the caudate nuclei. In addition,
the time courses of the brain activity were also very similar across
the tasks. They concluded that the neural systems that subserve
successful performance in both tasks are likely to be similar.

However, the Simon task employed in the Peterson et al. (2002)
study is not a “pure” one. A typical Simon effect refers to the
interference people experience when the response required by a task
is spatially opposite to the location of the stimulus (e.g., right finger
press to a stimulus left to the fixation), which creates a stimulus—
response conflict. There is usually no conflict between the relevant
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and irrelevant stimulus dimensions, which is the critical distinction
between the Simon and Stroop effects (Kornblum, 1992). By
presenting the left-pointing or right-pointing arrow on either the left
or right of the fixation, the investigators obscured this distinction.
Hence, their so-called Simon effect was in fact a combination of both
the Simon and Stroop effects, since there was not only conflict on the
incongruent trials between the irrelevant stimulus attribute (e.g., the
left of the fixation) and response (e.g., right key press), but also
conflict between the relevant (e.g., right-pointing arrow) and irrel-
evant (e.g., the leff of fixation) dimensions as well. Therefore, their
findings showing the common activation patterns by both the Simon
and Stroop effects cannot be unambiguously interpreted that these
two effects indeed share a common neural basis.

The other study that compared the color—word Stroop task and
the Simon spatial conflict task also employed the Eriksen flanker
task (Fan et al., 2003) so that the neural substrates of conflict
monitoring and resolution could be compared across the three tasks.
They found that although three tasks shared a common attentional
control and conflict resolution network involving the brain areas
such as dorsal ACC and prefrontal cortex, these tasks activated
other distinct brain regions within the posterior parietal cortex and
visual processing areas. The interpretation of this study has the
converse problem to that of the Petersen study as the Stroop task
employed utilized different stimulus dimension (i.e., colors and
words) than the Simon task (spatial dimensions). Hence, it is
difficult to determine whether differences in the neural substrates
activated by each task are due to the difference in stimulus attributes
(color and word information vs. spatial information) or the nature of
the selection of each task.

To resolve the issue of the extent to which the neural substrates
of attentional control in the Simon and Stroop tasks are common
or distinct, we utilized an event-related fMRI experiment that
incorporated both types of interference within an integrated task
(see Fig. 1). Participants were presented with an wupward or
downward arrow at the fixation and trained to respond to one
arrow with the index finger and to the other with the middle finger
of their right hand. The mapping of the upward and downward
arrows to fingers was counterbalanced across participants. During
the fMRI testing session, the arrows were presented in one of the
four locations surrounding the central fixation cross. This display
created two types of conflict within a single paradigm. The Simon
effect was elicited when an arrow was presented in a location
incompatible with the relative spatial position of the finger used to
respond (e.g., an upward arrow placed to the right of the fixation,
which required response of the index finger—the more lefiward of
the two fingers). The spatial Stroop effect was elicited when the
direction of the arrow (i.e., the task-relevant dimension) was
incompatible with its spatial location (i.e., the task-irrelevant
dimension) (e.g., an upward arrow below the fixation), as com-
pared to the compatible condition (e.g., an upward arrow above
the fixation).

Given the distinction made by Kornblum (1992), we hypothe-
size that both tasks will yield highly similar patterns of activation in
prefrontal regions as both tasks require the top-down control of
attention (Posner and Petersen, 1990). We also hypothesize, how-
ever, that each task will uniquely activate specific brain regions
because the two tasks differ in the nature of the conflict that is
engendered by each task. More specifically, we predict that the
brain regions previously theorized as the source of attentional
selection such as DLPFC will be commonly activated more in the
incongruent trials than in the congruent trials for both tasks, since

both require people to selectively respond to the task-relevant
information (i.e., the direction of the arrow) while ignoring the
conflicting task-irrelevant information (i.e., the location of the
arrow). We further predict similar brain areas of visual processing
will be modulated by the top-down attentional control so that the
conflict between the task-relevant and task-irrelevant attributes is
resolved by biasing the processing toward the task-relevant attribute
(i.e., the direction of the arrow). In contrast, according to the
taxonomy of Kornblum (1992), the core and unique component
of the Stroop effect is the stimulus—stimulus conflict while the
nature of the conflict of the Simon effect is more stimulus—
response. Therefore, we predict that the resolution of the conflict
in these two effects will involve different neural substrates. In
particular, we predict that parietal areas involved in multi-attribute
processing and visual attention will be more activated in the Stroop
task. In contrast, we predict that regions involved in stimulus—
response processing, such as portions of the anterior cingulate and
premotor regions, will be more activated in the Simon task.

Methods
Participants

Eleven right-handed, native English speakers (age range 24—40
years; 8 women) were recruited from the local community. All
participants had normal or corrected to normal vision. A signed
informed consent form approved by Colorado Multiple Institutional
Review Board was obtained from each participant before the
experiment.

Stimuli

The stimulus was an upward or downward arrow. During the
training session (40 trials), an arrow was presented in the center of
the screen. Participants were taught to press a /eft side button for one
arrow and a right side button for another arrow, with the index and
middle fingers of their right hand, respectively (see Fig. 1). The
mapping between the arrows and the response buttons (fingers) was
counterbalanced across participants. During the fMRI testing ses-
sion, an arrow was presented in one of the four positions surround-
ing the central fixation cross (i.e., left, right, above, and below). The
visual angle of the arrow from the center was estimated to be less
than 5°. Participants were asked to respond to the direction of the
arrow while ignoring the location of the arrow.

Design and procedures

Individuals performed the integrated Simon Stroop task during
one fMRI testing session. There were eight different stimulus—
location configurations during the test (see Fig. 1). Since people
were trained to map a certain stimulus (e.g., an upward arrow) to a
response (e.g., left button press with leftward finger), those eight
different trials were classified into four different conditions: Simon
Congruent (SmC)—the location of the arrow and the response
button were compatible (e.g., left finger press to the upward arrow
on the left of the fixation), Simon Incongruent (Sml)—the location
of the arrow and the response button were opposite (e.g., left finger
press to the upward arrow on the right of the fixation), Stroop
Congruent (StC)—the location of the arrow and the direction of the
arrow were congruent (e.g., an upward arrow above the fixation),
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Fig. 1. Stimuli used in the current experiment during training and testing.
Participants were trained to press a button to respond to an upward or
downward arrow before the fMRI testing session. The arrows were
presented at one of the four positions surrounding the central fixation
during the test, which created four different experimental conditions: Simon
Congruent (SmC), Simon Incongruent (Sml), Stroop Congruent (StC), and
Stroop Incongruent (StI).
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and Stroop Incongruent (Stl)—the location of the arrow and the
direction of the arrow were incongruent (e.g., an upward arrow
below the fixation). The interference effects of the Simon and
Stroop tasks were measured by comparing behavioral performance
(reaction time and accuracy) and brain activation patterns between
the respective incongruent and congruent trials. From the perspec-
tive of the participants, there was no difference between the Simon
and Stroop tasks. Therefore, there was no effect of switching
between different tasks.

This experiment consisted of a single session of fMRI
scanning during which participants responded to the arrows by
pressing the buttons they learned during training. Half way
through the scan, there were 18 fixation trials during which
participants were told to rest. They were warned before the
second half resumed after the rest block. The whole session
consisted of 218 trials. After discarding the first eight trials to
allow the magnet to reach steady state, there were 48 trials for
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each of the four conditions. The trials were synchronized with the
fMRI scans. Each trial lasted for 2500 ms, starting with a central
fixation cross for 500 ms, followed by a target display for 700 ms
and a blank screen for another 1300 ms. The target display was
relatively short to minimize the effect of eye movement and gaze
shift. However, participants were allowed 1500 ms to respond
from the onset of the target display.

Image acquisition

A 1.5-T Siemens Vision magnetic resonance imaging system
located at the University of Colorado Health Sciences Center
equipped for echo-planar imaging (EPI) was used for data acqui-
sition. A total of 220 EPI images were acquired using the BOLD
technique (TR = 2500 ms, TE = 40 ms, flip angle = 90°), each
consisting of 20 contiguous axial slices (matrix = 64 X 64, in-plane
resolution = 3.75 X 3.75 mm?, thickness = 6 mm, gap = 0.9 mm),
parallel to the AC—PC line. Before the EPI images, a high-
resolution T1-weighted MP-RAGE anatomical set (full head-168
coronal slices, matrix =256 x 256, field-of-view =250 x 250 mm?,
slice thickness = 1.5 mm, no gap) was collected for each participant.
At the end of the experiment, a T1-weighted spin echo data set (part
head-20 axial slices, matrix = 512 x 512, field-of-view =230 x 230
mm?, slice thickness = 6 mm, gap = 0.9 mm) was acquired using the
same slice angle as the EPI images.

Stimuli were presented using a high-resolution rear projection
system with responses recorded via a fiber-optics response pad with
two buttons. A laptop computer running E-Prime controlled stim-
ulus presentation and the recording of responses. In addition, the
timing of the stimulus presentation was synchronized with the
magnet trigger pulses.

Image preprocessing

Before data analysis, images in each participant’s time series
were motion-corrected using FMRIB’s MCFLIRT module of FSL
package (http://www.fmrib.ox.ac.uk/fsl). The first eight volumes of
the session were discarded to allow the MR signal to reach steady
state. Images in the data series were spatially smoothed with a 3D
Gaussian kernel (FWHM = 8 x 8 x 8 mm®), and temporally
smoothed using a high-pass filter (120 s). The FEAT module of
FSL package was used for image processing and statistical
analyses.
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Fig. 2. Behavioral results of the Simon Stroop study. Reaction time is shown on the left and accuracy is shown on the right. The bars represent the means and

the lines represent the standard errors.
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Table 1
Brain areas activated by the Simon effect (Simon Incongruent > Simon
Congruent)

Lobe Label BA «x v z

Cluster Max ¢
size

Frontal Anterior cingulate 24/32 —12 44 0 1458 5.56

cortex
Inferior frontal 45 —-34 36 10 39 3.22
cortex
Middle frontal 46 32 60 26 97 530
cortex 9 30 42 44 137 450
SMA/preSMA 6/8 12 32 62 412 431
Superior frontal 8 26 18 36 67  3.50
cortex
Parietal ~ Precuneus 7 —12 —66 74 482 445
Superior parietal 7 —-36 —44 70 62 434
cortex 7 22 —62 74 269 3.79
Supramarginal 48 —46 —-36 28 383 5.02
gyrus
Occipital Inferior occipital 19 30 =80 —12 732  6.71
cortex
Lingual gyrus 19 —-16 -52 -6 31 3.71
Middle occipital 19 —46 —-78 34 811 5.78
cortex 20 48 —78 34 39 359
Superior occipital 18 —-14 -9 20 51 4.18
cortex
Temporal Fusiform gyrus 20 42 —-10 -32 95 5.16
20 -36 —20 -20 33 341
Hippocampus 37 32 =38 =2 87 5.58
Inferior temporal 37 —48 —54 —10 1355 7.07
cortex 20 —64 —14 —-26 233 4.36
37 58 —68 —2 190 430
Middle temporal 21 —56 —-26 —4 61 4.53
cortex 37 —44 —56 8 43 4.03
37 42 —-60 8 65  3.89
Superior temporal 48 44 -26 18 3687 4.70
cortex
Superior temporal 38 —38 22 =30 619 6.22
pole
Temporal pole —-32 0 —26 2341 6.57
Other Insula 48 -36 —-20 16 275 4.6l
48 36 —-10 -2 42 3.26
48 34 —-12 16 58 3.20

Paracentral cortex 4 -4 =30 72 35 3.22
Postcentral cortex 3 —44 =32 68 860 5.46
Precentral cortex 4 40 —20 64 250 8.15

4 36 —18 50 94 5.09

Analysis on individual participant

Customized square waveforms (on—off) were generated for each
participant according to the order of experimental conditions in
which he or she participated. These customized waveforms were
generated for each condition (e.g., Simon incongruent) representing
the trials in which the participant experienced that condition (i.e., on)
as compared to the trials in which he or she did not (i.e., off). These
waveforms were then convolved with a double-gamma hemody-
namic response function (HRF). For each participant, we used FILM
(FMRIB’s Improved Linear Model) to estimate the hemodynamic
parameters for different explanatory variables (EVs) (e.g., one for
incongruent Simon condition and another for congruent Simon
condition) and to generate statistical contrast maps of interest
(e.g., a contrast between EVs for incongruent and congruent Simon
conditions).

After statistical analysis for each participant’s time series,
contrast maps were normalized into common stereotaxic space
before random-effects group analyses were performed. This
involved registering average EPI image to part head, part head
to full head, and full head to ICBM152 T1 template, using FLIRT
(FMRIB’s Linear Image Registration Tool) module of FSL
package.

Random-effects group analysis

Spatially normalized contrast maps from individual partici-
pants were entered into random-effects group analysis. To identify
the regions of brain activation, we defined the ROIs first by
clusters of 30 or more contiguous voxels (Xiong et al., 1995) in
which PE values differ significantly from zero (P < 0.05, two-
tailed). Using the Mintun peak algorithm (Mintun et al., 1989),
we further located the local peaks (maximal activation) within
each ROIL. We then obtained a significant activation map for each
effect alone.

We also conducted a conjunction analysis to obtain the common
activation between the Simon and Stroop effects. Two masks were
generated by applying the significant ¢ value threshold on the
activation map for each effect. Then, a conjunction mask was
created by intersecting these two masks. The common activation
map was obtained by applying the conjunction mask on the brain
activation map of both the Simon and Stroop effects pooled
together. In the disjunction analysis, we identified those regions
that were uniquely activated for each effect. The conjunction mask
was used as an exclusive mask and applied back on the activation
map of each effect alone. The resulting statistical maps showed the
distinct activation patterns for each effect.

Finally, we directly compared the activation patterns between
the Simon and Stroop effects by examining the contrast map

Table 2
Brain areas activated by the Stroop effect (Stroop Incongruent > Stroop
Congruent)

Lobe Label BA «x y z Cluster Max ¢
size

Frontal Inferior frontal 47 =32 42 10 35 4.18
cortex
Middle frontal 9 =32 12 52 36 3.32
cortex
Middle orbitofrontal 47 —30 42 —4 42 4.67
cortex
Postcentral cortex 2 —44 =32 50 66 3.54
SMA 6 -6 -4 72 55 4.87

Parietal  Inferior parietal 40 28 —-38 54 48 4.61
cortex

Occipital Middle occipital 19 —42 -—-88 30 85 3.41
cortex

Temporal Fusiform gyrus 37 46 —58 —30 122 4.54

20 —24 -2 —44 43 444
37 26 —38 —18 72 3.73
37 —44 -50 —-20 35 3.29
Middle temporal 37 —40 —-60 -2 116 3.76

cortex 37 40 —56 2 35 3.65
Middle temporal 38 —54 16 —28 46 3.78
pole

Other Insula 48 30 —32 22 281 5.57
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Table 3

Brain areas commonly activated by both the Simon and Stroop effect
(Simon Incongruent > Simon Congruent and Stroop Incongruent > Stroop
Congruent)

Lobe Label BA «x y z Cluster Max ¢
size

Frontal Middle cingulate 23 —6 34 40 40 4.58
cortex
Middle frontal 9 =36 10 52 44 4.57
cortex

Occipital Middle occipital 19 —42 —84 36 76 5.42
cortex

Temporal Inferior temporal 37 46 —-56 —28 37 5.19
cortex

Other Insula 48 32 -32 22 100 5.50

between the two effects. The resulting statistical map showed brain
regions activated significantly more (activation) or less (deactiva-
tion) in the Simon effect than in the Stroop effect.

a. Conjunction of Simon
and Stroop Effects

c. Stroop Effect Only

Results
Behavioral data

We observed significant effects on both the Simon and Stroop
tasks (see Fig. 2). People responded more slowly to the incongruent
Simon stimuli (M = 565 ms, SD = 50 ms) than to the congruent
Simon stimuli (M = 533 ms, SD = 54 ms), #(10) = 3.92, P < 0.01.
They also responded less accurately to the incongruent Simon
stimuli (M = 78%, SD = 20%) than to the congruent Simon stimuli
(M = 86%, SD = 16%), #(10) = 2.48, P < 0.05. Similarly, they
responded more slowly to the incongruent Stroop stimuli (M = 589
ms, SD =51 ms) than to the congruent Stroop stimuli (M = 542 ms,
SD =43 ms), #(10)=6.77, P<0.01. The accuracy of incongruent (M
= 83%, SD = 15%) and congruent (M = 77%, SD = 22%) Stroop
stimuli did not differ significantly, #(10) = 1.58, P=0.15. Finally, a
comparison of the interference effects in the two tasks revealed that
they did not differ significantly from one another, indicating that two
tasks were of similar difficulty [for interference effect of reaction

b. Simon Effect Only

Fig. 3. Imaging results of the Simon Stroop study. (a) Left DLPFC activation of both the Simon and Stroop effects (Sml > SmC and StI > StC) from the
conjunction analysis. (b) Midsagittal activation pattern of the Simon effect alone from the disjunction analysis (SmI > SmC), including ACC, SMA/preSMA,
and precuneus cortex. (c) The activation of the Stroop effect alone from the disjunction analysis (Stl > StC), including right inferior frontal and left inferior
parietal cortices. (d) The brain activation greater in the Simon effect than the Stroop effect (SmI—SmC > StI—StC). (e) The brain activation greater in the Stroop
effect than the Simon effect (StI-StC > SmI-SmC). Letter “L” represents the left side of the brain and the numbers represent the coordinates in the

corresponding view of the MNI space.
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time between two tasks, #(10) = 1.77, P=0.11; for interference effect
of accuracy between two tasks, #10) = 0.62, P = 0.55].

Imaging data

Whole-brain analysis

We found that the brain areas activated by the incongruent
Simon stimuli as compared to the congruent Simon stimuli were the
middle frontal cortex, ACC, midcingulate cortex, superior medial
frontal areas (SMA and pre-SMA), and precuneus (see Table 1), as
well as the posterior visual processing areas (e.g., lingual gyrus,
inferior temporal cortex, and middle temporal cortex, etc.) The
areas activated by the incongruent Stroop stimuli as compared to the
congruent Stroop stimuli were the middle frontal cortex, orbito-
frontal cortex, inferior parietal cortex, and visual association areas
(see Table 2).

Conjunction analysis

The brain areas that emerged from this analysis included left
DLPFC, the posterior boundary of insula and posterior visual
processing areas (see Table 3 and Fig. 3a).

Disjunction analysis

The areas uniquely activated by the Simon effect were ACC (BA
24/32), midcingulate cortex, pre-SMA, and precuneus cortex (see
Fig. 3b), while areas uniquely activated by the Stroop effect were
inferior frontal cortex and inferior parietal cortex (see Fig. 3c).

Contrast analysis between both effects

We also compared the Simon and Stroop effects by making a
direct contrast between them (similar to an interaction analysis).
The results are comparable to those identified in the disjunction
analysis above. The areas more active in the Simon effect than the
Stroop effect were again ACC (BA 32), pre-SMA, and precuneus
(see Fig. 3d). The areas more active in the Stroop effect than the
Simon effect were inferior frontal, inferior parietal, and inferior
temporal cortices (see Fig. 3e).

Discussion

These results are quite consistent with the previous findings
obtained with the Simon and Stroop tasks performed separately.
The Simon effect activated many midline structures including
dorsal ACC, dorsal premotor, posterior and superior parietal areas
(Bush et al., 2003; Dassonville et al., 2001; Fan et al., 2003;
Tacoboni et al., 1998; Peterson et al., 2002), while the Stroop effect
activated DLPFC, ACC, inferior frontal and inferior parietal corti-
ces (Banich et al., 2000a,b, 2001; Barch et al., 2001; Bench et al.,
1993; Brown et al., 1999; Bush et al., 1998; Carter et al., 1995;
Leung et al., 2000; MacDonald et al., 2000; Milham et al., 2001,
2002, 2003; Pardo et al., 1990).

Unlike Peterson et al. (2002), though these two effects similarly
activated DLPFC and posterior visual processing regions, they
showed distinct activation patterns in many other brain areas. For
example, these two effects activated considerably different posterior
parietal areas. Moreover, ACC was only activated in the Simon
effect but not in the Stroop effect. These distinct patterns will be
discussed in detail later.

The conjunction and disjunction of patterns of neural activation
that we obtained on the Simon and spatial Stroop tasks help to shed

some light on the nature of attentional control in the human brain.
Many accounts of attentional control suggest that prefrontal regions
are important in exerting top-down modulation on the posterior
processing areas to guide the response selection toward the task-
relevant information (Botvinick et al., 2001; Cohen et al., 2000;
Posner and DiGirolamo, 1998). In many studies, ACC is coacti-
vated along with DLPFC (Corbetta et al., 1991; George et al., 1994;
Peterson et al., 2002), which has caused a great deal of debate about
whether DLPFC and/or ACC are responsible for cognitive control
(Cohen et al., 2000). However, the exact roles played by these
prefrontal regions, how they interact with each other, and how they
modulate processing of posterior regions are still an area of intense
investigation. The current study helps to address some of these
issues.

One major theory (Botvinick et al., 2001) suggests that ACC
functions as an evaluative device, which monitors for conflict and
response errors and sends a request for increased top-down control
to DLPFC. In contrast, DLPFC serves as a regulative device and
modulates the processing in the posterior regions by biasing toward
the task-relevant stream. Other theories suggest that ACC is the
source of attentional control (Posner and DiGirolamo, 1998).
However, these views of the roles of DLPFC and ACC are
challenged by the recent neuroimaging (Milham et al., 2001; Van
Veen et al., 2001) and neuropsychological (Swick and Jovanovic,
2002; Swick and Turken, 2002) findings. These studies have found
that activation of DLPFC is relatively independent of ACC’s
activity and the ACC’s role in attentional control may be limited
to more response-related processes. Such a conclusion is consistent
with observations of individuals who have undergone cingulatomy
(Cohen et al., 1999; Ochsner et al., 2001). These individuals tend to
not show severe deficits in Stroop performance, either showing a
diminution of Stroop interference with time, or increased errors but
not increased interference. Given that their performance on sensory
selection tasks did not suffer, the results are consistent with the
cingulate playing more of a role in response selection and control.

One such fMRI study suggesting distinct roles for DLPFC and
ACC was conducted in our laboratory (Milham et al., 2001). We
used a modified Stroop task, in which the irrelevant stimulus set
(e.g., color words—“red”, “orange”, and ‘“brown’’) did not
overlap with the response set (e.g., ink colors—blue, green, and
yellow) although they shared the same semantic property (i.e., color
related). Therefore, the conflict between the task-relevant and task-
irrelevant attributes was restricted to nonresponse levels because the
incongruent words did not name a competing response. Although
such words still activated DLPFC (relative to neutral words), they
did not activate ACC. This suggests that the predominant role of
DLPFC in top-down attentional selection is independent of ACC,
which seems more involved in response-related processes. Support
for these distinct roles of DLPFC and ACC also came from another
study by Van Veen et al. (2001), who used a modified Eriksen
flanker task. In their study, they presented three different target-
flanker ensembles such that in the congruent condition (CO) the
target and the distractors were the same; in the stimulus incongruent
condition (SI) the target and the distractors were different but led to
the same response; and in the response incongruent condition (RI)
the distractors not only differed from the target perceptually but also
led to a conflicting response. They obtained significant ACC
activation only in the RI condition, which engendered conflict at
the response level, but not in the SI condition in which there was no
response conflict. This result also suggests that the conflict at the
response level is critical to the activation of ACC.
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The results of the current study also support the idea that the
DLPFC and ACC have distinct roles in attentional control. We
observed common activation of DLPFC for both the Simon and
Stroop effects, consistent with the idea that both tasks require
attentional selection to help resolve the conflict caused by the task-
irrelevant dimension. In contrast, we obtained ACC activation
only for the Simon task but not for the Stroop task. The
incongruent condition of the Simon task engendered strong
response conflict between the preprogrammed response tendency
(e.g., left key press to the left location) and the desired response
(e.g., right key press to the left location). In contrast, in the
incongruent condition of the Stroop task, there was no direct
response conflict between the locations (i.e., above and below) and
the desired response (i.c., left and right), although semantically the
task-irrelevant attribute (e.g., above the fixation) conflicted with
the task-relevant attribute (e.g., downward arrow). Therefore,
ACC, which is presumed to be involved in selection between
competing responses, was activated only in the Simon task but not
in the Stroop task.

A variety of evidence from neuroimaging (Braver et al., 2001;
Menon et al., 2001; Milham et al., 2003) and lesion studies (Swick
and Jovanovic, 2002; Swick and Turken, 2002) suggests that distinct
regions of the ACC may be involved in error detection as compared
to response selection. In particular, more rostral regions have been
implicated as being critical for error detection whereas more caudal
regions are suggested to be involved in response selection.

We observed that both these subregions of ACC were more
significantly activated in the Simon task as compared to the Stroop
task. Greater activation of the more rostral region, which is
associated with error detection, in the Simon task than the Stroop
task is consistent with our behavioral findings. Significantly more
errors were made to incongruent than congruent trials in the Simon
task. This was not the case, however, for the Stroop task. It should
be noted, however, that the Stroop task may produce some sub-
threshold activation in this region since the disjunction analysis for
the Simon task activated a slightly larger cluster than did the direct
contrast analysis between the Simon and Stroop tasks. Activation of
caudal ACC was only observed for the Simon task. This finding
supports the view that this subregion of ACC is sensitive to conflict
and making selection at the response level, as a strong prepotent
stimulus—response mapping must be overcome to perform correctly
on the Simon task.

We also found some differences in patterns of activation for the
Simon and Stroop tasks in the posterior cortex. With regards to the
parietal cortex, activation was mainly observed in the inferior
parietal region (BA 40) in the spatial Stroop task. In our prior
studies (Banich et al., 2000a,b; Milham et al., 2001), we often find
that the inferior parietal cortex is usually coactivated with DLPFC
in the attention-demanding incongruent Stroop condition as com-
pared to the neutral condition. The exact role of the inferior parietal
cortex is not clear, but we speculate that it serves as the “middle
man” to pass the modulatory signal to the posterior processing
areas. Its function may involve allocation of attentional resources to
different posterior processing streams as to bias processing toward
the task-relevant stream so that the processing of such information
is up-regulated. Patients with unilateral parietal damage suffer from
spatial neglect to the contralateral space, which may also result from
the failure to properly distribute attentional resources (Marshall and
Fink, 2001; Mesulam, 1999; Posner et al., 1982). Toth and Assad
(2002) found that an analogous area in the monkey (i.e., lateral
intraparietal area, LIP) also responded to behaviorally relevant

stimuli in a dynamic fashion. These results from patient and animal
studies further support our speculation.

In contrast to the inferior parietal activation observed in the
spatial Stroop task, we observed a more medial and superior
activation of the parietal cortex for the Simon task. These regions
include superior parietal and precuneus cortices (BA 7). Other
accompanying midline activation was also obtained, including
SMA/pre-SMA, midcingulate, precentral, postcentral, and para-
central cortices. This is consistent with the findings obtained from
the previous brain imaging studies of the Simon effect. Activation
of these midline regions (with the exception of the precuneus) is
usually not observed in the Stroop effect. We speculate that this
activation pattern may reflect the nature of the direct stimulus—
response conflict. Unlike the response conflict contained in the
Stroop task, which is caused by the task-relevant and task-irrelevant
attributes leading to conflicting responses, the conflict in the Simon
task is caused by an almost preprogrammed or hard-wired visuo-
spatial-motor circuitry, since the association between the same side
visuospatial perception and motor response is so strong.

Despite the distinction between patterns of activation of ACC
and parietal regions in the Simon and Stroop tasks, some other
regions besides DLPFC were similarly activated in both tasks. One
of the most prominent was the precuneus cortex, whose functional
role, at present, is not well understood. Many tasks requiring
response selection activate this area (Banich et al., 2001; Dasson-
ville et al., 2001; Dove et al., 2000), as do tasks requiring other
types of central control such as working memory (LaBar et al.,
1999) and problem solving and reasoning (Acuna et al., 2002;
Elliott and Dolan, 1998; Van den Heuvel et al., 2003). Most studies
consisting of a visual-spatial or visual-motor component activate
the precuneus (Berman et al., 1999; Luna et al., 1998; Petit and
Haxby, 1999; Sakai et al., 1998), as do tasks involving verbal and
semantic processing (Pinel et al., 2001). Difficulty level of atten-
tion-demanding tasks cannot completely explain activation of this
region since precuneus activation is not always correlated with the
behavioral performance. Mazoyer et al. (2002) even found that
along with ACC and medial superior frontal cortex, activation of
precuneus was negatively correlated with reaction time.

Another region activated by both tasks was the inferior frontal
region, although the exact areas differed (Simon effect—BA 45 and
Stroop effect—BA 47). Other previous Stroop studies also report
activation of these areas (Banich et al., 2001; Peterson et al., 2002).
We speculate that these areas are in charge of storing the informa-
tion extracted from both the task-relevant and task-irrelevant
processing streams before DLPFC further selects the relevant
information for response. In both tasks, selection between the
task-relevant and task-irrelevant information becomes harder on
incongruent trials since these two sources of information conflict
with each other. Therefore, stronger activation of inferior frontal
region is required to hold the information online before the correct
response is made.

Though the posterior processing regions that were activated
did not overlap entirely between the Simon and Stroop tasks,
both tasks activated the visual processing stream including middle
occipital (BA 19) and inferior temporal (BA 37) cortices (see
Table 3). This may reflect the effect of top-down modulation of
attentional selection on posterior processing regions. Since the
direction of the arrow (its shape) is the task-relevant attribute,
activity of the ventral visual system is increased to favor the
processing of “what” over the processing of “where” (Mishkin
et al., 1983).
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In conclusion, although both the Simon and Stroop effects share
a common neural mechanism of attentional control (DLPFC) as
well as its top-down modulation on the posterior processing streams
(BA 19 and 37), the exact brain activation patterns are not the same
across these two tasks. The Simon task activated more brain areas
sensitive to detection of response conflict (ACC), response planning
and selection (SMA/pre-SMA), and visuospatial-motor association
(superior parietal), while the Stroop task activated more brain
regions involved in biasing the processing toward the task-relevant
attribute (inferior parietal cortex). Thus, the present findings indi-
cate that the Simon interference effect arises more from the
stimulus—response conflict and is overcome by the top-down
modulation on the brain regions of visuospatial-motor association,
whereas the Stroop interference effect arises more from the stimu-
lus—stimulus conflict between the task-relevant and task-irrelevant
dimensions and is overcome by the up-regulation of the task-
relevant stream.
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