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Anticipation of conflict monitoring in the anterior
cingulate cortex and the prefrontal cortex
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The anterior cingulate cortex (ACC) has been suggested as a
monitoring center that is responsible for online detection of
response conflicts. In this view, the conflict signal detected by the
ACC is transmitted to other brain regions, such as the dorsal part
of the lateral prefrontal cortex (IPFC), to increase the level of
cognitive control. In this functional MRI (fMRI) study, we examined
the conflict resolution that goes beyond online detection of re-
sponse conflicts. Participants learned pseudoarithmetic problem-
solving tasks that involve stimulus-response mapping rules with
high or low conflicts. On half of the trials, participants had a
preview of the upcoming operator that allowed advance prepa-
ration for the mapping rules. The preview significantly reduced the
conflict effects on latency. During the preview, both the ACC and
IPFC were activated in anticipation of conflict, and this anticipatory
activation was highly predictive of the subsequent latency. These
results suggest that the ACC and IPFC are responsible for both
anticipatory preparation and online adjustment in response to
conflicts. The results also confirm the roles of the IPFC and ACC in
managing conflict during problem solving and extend these roles
to include responding to anticipation of conflicts that may arise
between incompatible stimulus-response mappings maintained in
working memory during preparation.
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ffective task execution requires a mixture of bottom—up and

top—down control. Although it is preferable to stay focused
on the task-relevant information, it is not efficient to constantly
rely on executive mechanisms. Executive mechanisms take a
substantial toll on working memory to maintain task-relevant
information. Moreover, a strict top—down approach impedes
flexible responses to unexpected, yet meaningful, events. In
contrast, when stimulus-driven processing dominates, the course
of action digresses constantly, interfering with goal-directed
behavior.

Cognitive neuroimaging and neuropsychology studies have
consistently shown that the lateral prefrontal cortex (IPFC),
especially its dorsal stream, and the anterior cingulate cortex
(ACC) are critically active when participants are engaged in
cognitively demanding tasks. Although there is a consensus that
IPFC is responsible for executive functions, such as maintaining
and manipulating task-relevant information, the role of the ACC
in cognitive control, although generally accepted, is still contro-
versial. Some theories have argued that the ACC detects con-
flicting response tendencies in the environment, and others have
suggested that the ACC may respond to cognitive complexity
more generally.

The conflict-monitoring model (1) has proposed that the ACC
monitors competing response tendencies elicited by stimuli. Ac-
cording to this model, the conflict signal detected by the ACC is
transmitted to a high-level control mechanism such as the IPFC,
thereby increasing the extent of conscious control (2). The response
conflict may arise when the task-irrelevant information (i.e., dis-
tractor) is associated with a response that is incongruent with the
response associated with the task-relevant information (i.e., target).
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The distractor is more likely processed when the level of the
executive control is relatively low and therefore relaxes the filtering
of task-irrelevant stimuli (3). Thus, ACC activation should be
observed when IPFC activation level is relatively low. Once conflict
is detected, the executive control mechanism may strengthen the
level of attentional focus or filtering so that distractors are not
processed any further than the perceptual level. This reciprocal
interaction between the IPFC and the ACC has been supported by
sequential increases and decreases in their activation levels. For
example, ACC activation was observed when subjects encountered
occasional instances of response conflict embedded in predomi-
nantly congruent trials, in which the level of top—down control (i.e.,
IPFC) is relatively low. In contrast, ACC activation was not evident
when measured among predominantly incongruent trials presum-
ably because the IPFC is already fully engaged (4). The involvement
of the ACC in conflict monitoring also has been demonstrated with
respect to semantic conflict between stimulus elements in the
absence of response conflict (5) and conflict because of memory
retrieval failure (6).

One implication of the conflict-monitoring model is that IPFC
and ACC activations may reflect different sources of cognitive
challenges. Reflecting the extent of executive control, the IPFC
responds to the level of task difficulty detected in a predictive
manner. In contrast, the ACC responds to response conflict de-
tected online, when the control level engaged by the IPFC is
relatively low. Consistent with this implication, IPFC activation was
higher when an advance task cue indicated that the upcoming task
would be more cognitively demanding, therefore increasing the
amount of anticipatory task preparation, whereas ACC activation
did not reflect the processing of an advance task cue (2). Instead,
the increased ACC activation in response to the target—distractor
incongruence was observed during task performance, whereas
IPFC activation did not reflect the incongruence.

Recent evidence suggests that the ACC may more directly
reflect task difficulty or cognitive demands. For example, math-
ematical problem-solving studies showed that ACC activation
gradually increased with problem complexity, just as IPFC
activation did (7, 8). Problem complexity involves the number of
mathematical steps necessary to solve a problem and is not
correlated with response conflicts. In an episodic memory-
retrieval study, both ACC and IPFC activations increased when
the target information was weakly associated with a memory
probe (9). The weak association requires a relatively greater
amount of cognitive effort for the association to be available to
consciousness. Another study manipulated task cues so that
advance preparation of the upcoming task could be triggered on
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Table 1. Pseudoarithmetic Boolean rules used in the current study

Complex Simple
Positive Negative Positive Negative
Input #: AND $: OR %: NAND " NOR I: Identify @: Reverse
0 I I B B I B
(1. B) I B B I I
(B, 1) | B B | B |
(8, B) B B I I B I

some trials (10). In this study, both ACC and IPFC activations
were higher with an informative task cue than with a neutral cue.
All these results are consistent with the recent proposals regard-
ing the ACC that do not limit its role to online detection of
response conflict. For example, the ACC has been suggested as
part of a decision-making mechanism in which the ACC is
sensitive to expected outcome of a particular action response
(11). Further, the ACC may be activated when the task implies
a higher level of difficulty, such as error likelihood, rather than
response conflicts with environmental stimuli (12).

In summary, although the ACC is sensitive to various types of
conflict information (13), it may respond to cognitive complexity
more generally. The evidence of ACC involvement in response
conflict has been acquired in experimental manipulations in
which the conflict was manipulated online with task perfor-
mance but in which cognitive complexity was not otherwise
manipulated (2, 4, 14). Studies showing effects of cognitive
complexity, however, did not directly manipulate response con-
flict (7, 8, 9). In the current study, we manipulated both response
conflict and cognitive complexity.

To better understand what determines ACC activation, we had
participants perform Boolean arithmetic tasks, in which both
input and output have binary values (I or B). A Boolean operator
specifies a relationship between an input pattern and an output
value. We used six rules (Identity, Reverse, AND, NAND, OR,
and NOR). Table 1 presents complete sets of stimulus-response
mappings for each rule. Half of these rules (Identity, AND, and
OR) implied low-level conflict, in the sense that they affirma-
tively associated input and output. The other half (Reverse,
NAND, and NOR) implied high-level conflict, specifying neg-
ative relationships between input and output. For example, the
NAND rule is “If both input values are Bs, then the output is I.”
The high-conflict rules, therefore, create a conflict in which the
target stimulus and the appropriate response are not compatible.
The high-conflict rules are also cognitively more complex be-
cause they involve processing a negation. We used a paradigm
that assessed the effect of the greater cognitive complexity of
these rules versus their greater response conflict.

a -6sec 8.4 sec 3 sec 9 sec
[#] [ 7B | |
< Preview >
Preview condition
b .6 sec 8.4 sec 3 sec 9 sec
[-] #1.8) |
<4——O0n-task performance—»
No-preview condition
Fig. 1. Experimental paradigm. In the preview condition (a), an operator

symbol (e.g., “#” in this example) was previewed before a problem was
presented. In the no-preview condition (b), a noninformative symbol was
presented instead of an operator symbol.
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In a functional MRI (fMRI) study, we contrasted two ways of
testing these rules, as illustrated in Fig. 1. In the preview
condition, the Boolean operator symbol was previewed 9 sec
before the entire problem (i.e., the operator and the input
pattern) so that participants could prepare the relevant rule
implied by the operator. With the preview of high-conflict rules,
participants may prepare for the upcoming trial, and they have
more to prepare for in the case of complex rules. However,
because they do not know what the operators will be, they cannot
respond, and there cannot be response conflict. Therefore, the
brain activity during the preview interval in the preview condi-
tion allows for investigation of the effect of cognitive complexity
in the absence of response conflict. In the no-preview condition,
a noninformative symbol was presented instead of an operator
symbol. Therefore, in the no-preview condition, conflicts may be
detected online once the entire problem is presented. The task
performance interval in the no-preview condition allows for
investigation of the effect of the conflict detected online.

Results

Behavioral Performance. Accuracy and latency for the scanning
session are presented in Table 2. The results were substantially
different for simple and complex rules, so we analyzed the
behavioral data separately. With respect to accuracy, there were
no significant effects of preparation or conflict on the simple
rules data (P > 0.20). In contrast, for the complex rules, there
were significant effects of both factors [F(1, 12) = 7.6, MSE =
.006, P < 0.05 for preparation and F(1, 12) = 8.65, MSE = .007,
P < 0.05 for conflict], and a significant interaction such that
accuracy was much lower in the no-preview, conflict condition
[F(1, 12) = 22.29, MSE = .002, P < 0.0001]. With respect to
latency, for the simple rules there were significant effects of
conflict [F(1, 12) = 99.56, MSE = 2606, P < 0.0001] and
preparation [F(1, 12) = 529.22, MSE = 4366, P < 0.0001], but
no significant interaction (P > 0.10). This lack of interaction
means that preparation did not reduce the size of the conflict
effect. In contrast, for complex rules, there was a significant
interaction in addition to the main effects [F(1, 12) = 38.17,
MSE = 14033, P < 0.0001]. The conflict effect was reduced from
487 msec without preparation to 70 msec with preparation
[#(12) = 6.18, P < 0.0001].

It is not entirely clear why preparation did not reduce the
conflict effect for simple rules. Perhaps they were sufficiently
easy that participants did not put much effort into preparation
beyond saving the cost of perceptually encoding the operator.
Because we did not get an impact of preparation on reducing
conflict for simple rules, we decided to focus the analysis of the
imaging data on the complex rules, for which all of the effects are
large and for which we had twice as many observations.

Imaging Results. Imaging data were analyzed in two ways. The
anticipatory preparation of conflict was examined in the preview
interval (the first eight scans). The effect of conflict detected
online was analyzed in the on-task performance interval (the last

PNAS | June 19,2007 | vol.104 | no.25 | 10331

PSYCHOLOGY



Lo L

P

1\

BN AN PNASN D

Table 2. Behavioral results: Latency in each condition

Simple Complex
Condition Low conflict High conflict Low conflict High conflict
Preview 740 msec (0.96) 908 msec (0.96) 693 msec (0.96) 763 msec (0.95)
No preview 1,188 msec (0.93) 1,303 msec (0.96) 1,306 msec (0.97) 1,793 msec (0.83)

Accuracy in parentheses.

six scans). Two a priori regions of interest, the ACC and IPFC,
were defined on the basis of previous studies of mathematical
problem solving and memory retrieval (7, 8, 9). Each region was
5 voxels wide, 5 long, and 4 high, for a total of 100 voxels per
region. The voxel dimension was 3.125 X 3.125 X 3.2 mm?. The
majority of the ACC region is in the left rostral cingulate motor
areas (15), with its central voxel located at Talairach coordinates
-6,9, 40 [Brodmann’s areas (BA) 32 and 24], close to the regions
where conflict-related activation has been frequently reported
(2, 14). The majority of the IPFC region was in the inferior
dorsolateral and superior ventrolateral prefrontal cortex, with its
central voxel located at Talairach coordinates —44, 21, 21 (BA 9,
44, 45, and 46), close to the regions where higher prefrontal
activation was reported during memory retrieval than during
working memory maintenance (16, 17), as well as during the
preparation-induced control activity (2, 10). Fig. 2 presents mean
activation changes in the ACC and IPFC. Only correct trials were
included in the analyses of imaging results. For each region, the
preview and the performance intervals were subjected to a
three-way ANOVA with preparation, conflict, and scan as
variables.

a 0.8
0.7

—&— Preview: Low conflict
= =O= -Preview: High conflict
0.6 —ll— No preview: Low conflict
- <+ -No preview: High conflict

0.5

-
0%, .

0.4 ®
0.3
0.2
0.1
0
-0.1 T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14
] [row ] |
ACC
b os
0.7 —&— Preview: Low conflict

= =O= -Preview: High conflict
0.6 —l— No preview: Low conflict
= <= -No preview: High conflict

0.5
0.4
0.3
0.2
0.1
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(7] [r0n ]

IPFC
Fig. 2. Percent activation charge of the ACC (a) and IPFC (b).
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ACC. Fig. 2 shows that, in the preview interval, the preview
condition elicited different responses to conflicts, whereas the
no-preview condition hardly produced any ACC responses. For
the preparation interval, the preview condition elicited greater
activation change compared with the no-preview condition [F(7,
84) = 19.96, MSE = .0127, P < 0.0001]. In contrast, in the
performance interval, the preview condition produced no dif-
ference for low conflict versus high conflict, whereas the no-
preview condition yielded a significant conflict effect [F(5, 60) =
8.14, MSE = .0007, P < 0.0001]. The patterns of ACC activation
reveal that the ACC is engaged when processing conflict infor-
mation, regardless of whether the conflict is anticipated or
detected online.

IPFC. Similar to ACC activation, during the preview interval,
IPFC activation revealed conflict effect only in the preview
condition, whereas the IPFC hardly responded in this interval in
the no-preview condition [F(7, 84) = 2.77, MSE = .004, P <
0.05]. In contrast, during the performance interval, the conflict
effect was detected only in the no-preview condition [F(5, 60) =
8.14, MSE = .007, P < 0.0001]. Consistent with ACC activation,
the IPFC also responds to conflict information, regardless of
whether the conflict is anticipated or detected online.

Behavioral Correlates. If the conflict effects revealed by the ACC
and IPFC during the preview interval truly reflect the level of
anticipatory preparation, the subsequent problem solving should
be more efficient at higher activations during the preview
interval. To test this prediction, we separately median-split trials
with low- and high-conflict rules of the preview condition in
terms of the total activation change in the ACC and IPFC during
the preview interval and compared the subsequent latencies. The
subsequent latency was shorter with greater activation changes
(704 msec) in the ACC during the preparation interval than with
fewer activation changes (751 msec) [#(12) = 2.46, P < 0.05]. The
subsequent latency was also faster with greater activation
changes (716 msec) in the IPFC during the preparation inter-
val than with fewer activation changes (739 msec) [#(12) = 2.55,
P < 0.05].

If the conflict effects revealed by the ACC and IPFC during
the performance interval reflect the amount of online adjust-
ment due to conflict detection, the concurrent problem solving
should be delayed more when there is higher activation. Trials in
the no-preview condition were median-split in terms of the total
activation change in the ACC and IPFC during task perfor-
mance. The concurrent response latencies were longer when
ACC activation changes were relatively high (1,619 msec) than
when they were relatively low (1,477 msec) [t(12) = 6.77, P <
0.0001]. This pattern did not hold when trials were median-split
in terms of IPFC activation changes (P > 0.20). However, the
IPFC result seemed to have been driven by two participants who
produced a negative activation effect. Excluding these two, the
concurrent response latencies were slower when IPFC activation
changes were relatively high (1,473 msec) and faster when they
were relatively low (1,402 msec) [¢#(10) = 2.62, P < 0.05].

Discussion

To investigate the processing of conflict, we used a task-cueing
paradigm, in which a task cue may or may not provide infor-
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mation about the upcoming task. Participants performed a
pseudoarithmetic task in which they associated an input pattern
with an output value. When an advance operator cue was
available, ACC and IPFC activations during the preview interval
were higher with operators that imply higher conflict. Without
advance operator information, a similar pattern was observed
during the on-task performance interval.

Regarding the ACC, the result that the ACC responded to
conflicting response tendencies during the task performance is
consistent with the proposal that the ACC is triggered by online
detection of response conflict as implied by the conflict-
monitoring model. This result is also in line with previous studies
(2,4, 14), inwhich ACC activation was observed with unexpected
response conflict. Perhaps the response-conflict interpretation
can be extended to the anticipatory results by a broader appli-
cation of the conflict-monitoring model. Given the operator in
advance, participants may retrieve and rehearse the stimulus—
response mappings implied by that operator. Conflict may arise
when the operator specifies incompatible stimulus-response
mappings. The retrieval and, especially, the maintenance of a
high-conflict rule must have increased PFC activation in the
preview interval, as we observed. ACC activation during the
preview interval may have been a response to the internally
represented conflict as a result of memory retrieval.

To some extent, the increased ACC activation in response to
the cues for high-conflict rules seems to be consistent with the
error-likelihood model (12), which suggests that the ACC is
responsible for more general learning of the likelihood of
making errors in a specific context and that response conflict is
associated with an increased likelihood of errors. As evidence,
when the level of conflict was controlled, ACC activation was
greater with a higher error probability than with a lower
probability (12). In our study, it is possible that, through behav-
ioral practice before the scanning session, participants may have
acquired associations between task cues and different levels of
error likelihood. However, the empirical evidence for the error-
likelihood model has yet to be established in wider varieties of
cognitive tasks (18). Moreover, our data do not allow the analysis
of ACC activation over a period of initial learning of the error
likelihood. Therefore, the extent to which our data lend support
to the error-likelihood model is limited to the idea that the ACC
is sensitive to internally generated conflict.

ACC activation in response to anticipatory preparation has
not always been observed in the current literature. For example,
MacDonald and his colleagues (2) used the Stroop paradigm, in
which participants are presented with a color word (e.g., RED
or GREEN), written in either a congruent or an incongruent
color, and are asked to either name the ink color or read the
word. Because of extensive practice of reading, the word task is
dominant (e.g., shorter latency and higher accuracy than the
color task). In their results, ACC activation did not differ when
an advance task cue indicated which task was to be performed.
However, advance warning was reflected in the dorsolateral
prefrontal cortex (dIPFC) activation. In contrast, the current
study showed that both the ACC and IPFC did respond to
anticipated conflict that correlates with the task difficulty. The
critical difference is that in the current study conflict informa-
tion in terms of response selection may have been more explicit
than when a task cue conveyed only task dominance information.
In the Stroop task, although the cue for the color task may
indicate that stimulus selection for this task would be challeng-
ing, the task dominance information per se does not clearly
indicate which responses would be in contention for selection.
The Boolean rules of the current study, however, are more
explicit about which responses should be filtered out in relation
to which input patterns. Interestingly in the MacDonald et al.
study (2), dIPFC activation during task performance was prom-
inent, whereas its activation did not differ by response conflict.

Sohn et al.

It is possible that participants had already engaged dIPFC after
the cue and may not have needed to engage it further while
responding to the probe because they were “prepared.”

IPFC activation showed very much the same patterns as the
ACC to both the anticipation of conflict as well as and online
conflict, and the behavioral consequence of IPFC activation was
similar to those of ACC activation. As previously reported (2),
both ACC and IPFC activations during the preview interval were
associated with the subsequent latency, and both activations
during task performance were associated with the concurrent
behavior. It has been well established that the IPFC is activated
in anticipation of a difficult task (2) or transition (18). Like the
current studies, these studies established behavioral ties between
advance IPFC activation and the subsequent latency. We ob-
tained the result that ACC activation was tightly related to
behavior in both cases. It seems that both IPFC and ACC
activations are critical during anticipatory preparation as well as
during actual task performance.

In summary, the current study provides evidence that the ACC
responds more strongly to a more complex task cue even when
there is no response cue, which may reflect a response to
anticipation of response conflict. This result extends the pre-
vious finding that the ACC is responsible for monitoring
for conflict or competition during stimulus processing and
response selection (1, 2, 4, 14) and is consistent with the notion
that the ACC is responsible for learning the likelihood of making
errors (12). Further, our study provides evidence that the ACC
may monitor conflict regardless of whether the source is online
or anticipatory, and this pattern is similar to that of IPFC
activation.

Methods

Behavioral Protocol. Thirteen right-handed college students (six
females) participated for monetary compensation. Before the
test, participants provided written informed consent in accor-
dance with the policies of the Institutional Review Board of the
University of Pittsburgh.

The E-Prime software package was used to present stimuli and
collect behavioral performance. On the practice day, 1 day
before fMRI scanning, participants were introduced to six
Boolean rules. After mastering them perfectly, they solved 192
Boolean problems (32 problems for each rule), blocked in 24
trials. In the beginning of a trial, an asterisk was presented for
1.5 sec as a warning signal. On half of the trials, the warning
signal was followed by the operator symbol of the trial for
preview for 0.6 sec. This operator symbol was followed by an
8.4-sec interval before the actual problem was presented. During
this preparation interval, participants were encouraged to re-
hearse the corresponding rule. On the other half of the trials, the
preview was not allowed, and a minus sign was presented instead
of the operator symbol. With no preview, participants simply
waited until the problem was presented. The problem was
presented for 3 sec, which was the response window. Answers
were either “I”’s or “B”s, and participants pressed their right
index finger for the “I”” response and their right middle finger for
the “B” response. If no response was made, the trial was counted
as incorrect. There was a 9-sec rest interval for before the next
trials began. In the scanning session, participants solved another
192 problems in a scanner with the procedure just described.

Imaging Procedures. Event-related fMRI data were collected with
echo-planar imaging sequence on a Siemens (Malvern, PA) 3T
Allegra head-only scanner (1,500 msec return time, 50 msec echo
time, 70° flip angle, 20 cm field of view, 26 axial slices/scan with
3.2-mm thickness, 64 X 64 matrix, and with anterior commissure—
posterior commissure at the 21st slice from the top). Images were
motion corrected and cross-registered to a Montreal Neurological
Institute brain by using the 12-parameter rigid body model of
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automatic image registration nonlinear warping procedure. Func-
tional images were set to a standard mean intensity and smoothed
(8-mm full width at half-maximum 3D Gaussian kernel).
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