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The prefrontal cortex (PFC) is thought to modulate the neural net-
work state in favor of the processing of task-relevant sensory in-
formation prior to the presentation of sensory stimuli. However, this
proactive control mechanism cannot always optimize the network
state because of intrinsic fluctuation of neural activity upon arrival of
sensory information. In the present study, we have investigated an
additional control mechanism, in which the control process to re-
gulate the behavior is adjusted to the trial-by-trial fluctuation in neural
representations of sensory information. We asked normal human
subjects to perform a variant of the Stroop task. Using functional
magnetic resonance imaging, we isolated cognitive conflict at
a sensory processing stage on a single-trial basis by calculating the
difference in activation between task-relevant and task-irrelevant
sensory areas. Activation in the dorsolateral PFC (DLPFC) covaried
with the neural estimate of sensory conflict only on incongruent trials.
Also, the coupling between the DLPFC and anterior cingulate cortex
(ACC) was tighter on high-sensory conflict trials with fast response.
The results suggest that although detection of sensory conflict is
achieved by the DLPFC, online behavioral adjustment is achieved by
interactive mechanisms between the DLPFC and ACC.
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Introduction

Goal-directed behavior requires selection of task-relevant in-

formation and suppression of task-irrelevant information. This is

shown to be mediated by control signals from the prefrontal

cortex (PFC), which proactively biases the state of brain net-

work in favor of the processing of task-relevant information

(Desimone and Duncan 1995; Kastner and Ungerleider 2000;

Miller and Cohen 2001; Corbetta and Shulman 2002; Morishima

et al. 2009). The demand of cognitive control increases when

task-irrelevant information competes with task-relevant infor-

mation. In an experimental setting such as the Stroop or Flanker

task, behavioral response slows down on incongruent trials in

which task-relevant and task-irrelevant information can lead to

different behavioral responses than on congruent trials in which

task-relevant and task-irrelevant information lead to the same

behavioral response (MacLeod 1991; Gratton et al. 1992). In such

situations, an optimal state of the brain network in favor of the

processing of task-relevant information is thought to be achieved

by the proactive control mechanism. However, an optimal net-

work state cannot always be established due to intrinsic fluc-

tuations of neural activity: The same sensory information, even in

the same task condition, can cause different levels of neural

activation across trials. In the context of cognitive conflict, such

fluctuation creates different levels of conflict between neu-

ral representations of task-relevant and task-irrelevant sensory

information. Thus, an additional mechanism of reactive control is

required to regulate behavior upon arrival of actual sensory

information (Braver et al. 2003; Bunge 2004). Its precise neural

mechanism, however, remains open because of the difficulty in

estimating the level of conflict at a sensory processing stage on

a trial-by-trial basis.

In the present study, we have conducted single-trial analysis

of the fluctuation in the level of conflict at a sensory processing

stage. To this end, we used functional magnetic resonance im-

agingwhile normal human subjects performed a variant of Stroop

task (Fig. 1A). We estimated the level of conflict between

competing sensory information on a single-trial basis by cal-

culating the difference in brain activation between task-relevant

and task-irrelevant sensory areas. We considered that the cog-

nitive control system adjusts itself according to the level of the

sensory conflict and regulates behavior online. Consistent with

the idea, we found that the dorsolateral prefrontal cortex

(DLPFC) was highly active on high-sensory conflict trials com-

pared with low-sensory conflict trials, but this was observed

only on incongruent trials, not on congruent trials, suggesting

that theDLPFCdetects sensory conflict that needs to be resolved

for the current behavioral goal. We also found tighter coupling

between the DLPFC and anterior cingulate cortex (ACC) re-

sulted in faster behavioral response on trials with high-sensory

conflict. Taken together, we present a comprehensive account

of the neural mechanism involved in online adjustment of cog-

nitive control.

Materials and Methods

Subjects
Sixteen healthy right-handed adults (8 females; aged 20--38) partici-

pated in the experiments. One subject was excluded from the analysis

due to a hardware problem. All subjects gave written informed consent

to participate in this study. The study was approved by the ethics

committees of the Graduate School of Medicine, the University of

Tokyo and the Brain Science Institute, Tamagawa University.

Tasks
Subjects performed a cued Stroop task for face and word stimuli. These

stimuli were used to take advantage of object-specific activation in the

fusiform face area (FFA) (Kanwisher et al. 1997) and visual word form

area (VWFA) (Cohen et al. 2000), which respond to a face image and

word, respectively. The subjects were first presented with a task

instruction cue followed by a target stimulus on the black background.

The target stimulus was a gray face image of a male or female (Softopia

Japan Foundation, Gifu, Japan) superimposed with a ‘‘kanji’’ letter,

a Japanese ideogram, representing a male or female (Fig. 1A). The visual
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angle of the target stimulus was about 6�. The task cue was either

a filled circle or square, and based on it, the subjects judged whether

the word or face image indicates male or female (Fig. 1B). On each trial,

the task cue was given 1 s before the target stimulus and changed

unpredictably across trials. The trials can be categorized into congruent

or incongruent according to whether the face and word indicate the

same or different sex. Thus, the task was designed in a 2-by-2 fashion,

with factors of task (face and word task) and congruency (congruent

and incongruent trial). In one experimental session, 38 trials for each of

the 4 conditions were given in a pseudorandom order with an intertrial

interval of 3, 5, or 7 s. To minimize confounding effects resulting from

the previous trial types, the order of the trial type was counterbalanced

within each session such that each trial type of a given task and

congruency was preceded equally often by congruent and incongruent

trials and also equally often by face and word task trials. Thus, task-

switch and task-repetition trials occurred equally often. Two sessions

were tested for each subject.

fMRI Data Acquisition and Preprocessing
Imaging was performed using a 1.5-T scanner (Sonata; Siemens,

Germany). The functional images sensitive to blood oxygen level--

dependent (BOLD) contrasts were acquired by T2*-weighted echo

planar imaging (repetition time (TR): 2.1 s; echo time (TE): 40 ms; in-

plane resolution of 3 mm in 64 3 64 matrix; 25 slices; slice thickness of

5 mm; and no interslice gap). For a localizer task (described below) and

the Stroop task, 300 and 490 volumes of the whole-brain images were

acquired, respectively. The Stroop task experiments were conducted

for 2 sessions. We used SPM2 (http://www.fil.ion.ucl.ac.uk/spm) for

image data preprocessing and analysis. For each scanning session, the

first 5 volumes were discarded. The remaining volumes were realigned

to the first image and normalized to the standard brain of the Montreal

Neurological Institute (MNI). For the Stroop task sessions, the images

within a volume were sinc interpolated over time to correct for phase

advance during volume acquisition. The data were spatially smoothed

with a Gaussian kernel of full-width half-maximum at 8 mm. High-

resolution structural T1-weighted magnetization prepared rapid

gradient echo sequence images (TR = 9.5 s, TE = 4 ms, time to

inversion = 600 ms, voxel size 1 3 1 3 1.5 mm, and 108 axial slices)

were also acquired for all subjects.

fMRI Data Analysis—Functional Localizer Task
In order to define the functional region of interest (ROI) for the FFA

and VWFA, we first conducted a localizer experiment, in which

subjects passively viewed either a series of 10 face images or a series of

10 kanji letters in a block of 10 s. Each of the face image or kanji letter

was presented for 750 ms followed by a blank period of 250 ms. Each of

the face and kanji block was followed by a 10-s interblock interval and

repeated for 10 times. To identify functional ROI for the FFA and VWFA,

statistical parametric maps of t-statistics were calculated for condition-

specific effects within a general linear model. Each of the face and kanji

block was modeled as a box-car regressor starting from the onset of the

first stimulus in a block to the end of the last stimulus in that block.

All epochs were convolved with a canonical hemodynamic response

function (HRF). The data were high-pass filtered with a frequency cut-

off at 100 s. For each volume, global scaling was applied. For each

subject, the ROI for the FFA was defined as a spherical region with

a radius of 4 mm centered at the peak voxel within the fusiform gyrus

that showed significantly higher activation in the face block than in

the kanji block (P < 0.005, uncorrected). This was identified within the

voxels that showed higher activation in the face block relative to the

interblock interval (P < 0.01, uncorrected). The ROI for the VWFA was

defined as a spherical region with a radius of 4 mm centered at the peak

voxel showing significantly higher activation in the kanji block than in

the face block (P < 0.005, uncorrected). This was identified within the

voxels that showed higher activation in the kanji block relative to the

interblock interval (P < 0.01, uncorrected).

fMRI Data Analysis—Stroop Task
For the Stroop task sessions, statistical parametric maps of t-statistics

were calculated for condition-specific effects within a general linear

model. Each of the face-congruent, face-incongruent, kanji-congruent,

and kanji-incongruent trial was modeled as a 2-s epoch with a box-car

Figure 1. Behavioral task and single-trial analysis: (A) Example of stimuli. Upper panels represent stimuli for congruent trials, in which the gender of face image is consistent
with the meaning of kanji letter. Lower panels represent stimuli for incongruent trials, in which the gender of face image is inconsistent with the meaning of kanji letter. (B)
Timeline of the behavioral task. For each trial, subjects were presented with overlapping face and word stimuli (target) for 1000 ms and classified the face or word as male or
female based on a task cue. Circle and square cues indicated face and word tasks, respectively. The stimulus onset asynchrony between the task cue and target was 1000 ms.
(C) Scheme of single-trial analysis. After defining FFA and VWFA for each subject (1), we estimated the neural activity in the 2 regions by deconvolving the time series of the
BOLD signals with HRF (2). We then normalized the estimated neural activation for each ROI and for each scanning session. For each trial, the difference in neural activation was
calculated by subtracting the activity in the task-relevant area from that in the task-irrelevant area (3). The sensory conflict values thus calculated were used to categorize trials
into high- or low-sensory conflict trials. Within the prefrontal regions that show significant activation during incongruent trials relative to the baseline (P\ 0.05, corrected, shown
in yellow on the surface of the MNI template brain), we looked for activation that is larger on high-sensory conflict trials than on low-sensory conflict trials (4).
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regressor starting from the onset of task cue to the offset of the target

stimulus. Error trials were modeled separately. All epochs were

convolved with a canonical HRF. Images of parameter estimates for

incongruent trials were created for each subject (first-level analysis)

and were then entered into a second-level analysis using a one-sample t-

test across the subjects.

Previous studies have shown that the PFC and ACC play a major role

in proactive control and resolution of conflict. We are interested in

the possibility that similar regions in the PFC and ACC are also

involved in reactive control but in different manners. Thus, we made

an anatomical mask of the PFC with WFU_PickAtlas Version 2.4

(Maldjian et al. 2003). We determined the anatomical location of the

PFC based on Talairach Daemon implemented in WFU_PickAtlas

(Lancaster et al. 2000). We included the regions labeled as superior,

middle, inferior, and medial frontal gyrus; orbital gyrus; and anterior

cingulate; and cingulate gyrus. The posterior border of the anatomical

mask on the medial surface was at the level of the anterior com-

missure (Y coordinate = 0). Within this prefrontal mask, the activation

map for incongruent trials relative to the intertrial interval was

thresholded at P < 0.05 corrected for false discovery rate (Genovese

et al. 2002). To visualize the activation map on the surface brain, we

used CARET version 5 (http://brainmap.wustl.edu).

To examine areas in which activation was covaried with the level of

sensory conflict, we first extracted BOLD signal time series from the

ROI for the FFA and VWFA identified in the localizer task (Fig. 1C). We

next obtained estimates of the neural activity from the BOLD time

series by deconvolving the HRF using ‘‘spm_peb_ppi.m’’ function

implemented in SPM2 for psychophysiological interaction and dynamic

causal modeling analysis (Friston et al. 1997, 2003; Gitelman et al.

2003). This function uses Bayesian a priori assumption for the de-

convolution and estimates 16 time points of neural signal in each

volume acquisition. We normalized the estimated neural activity for

each ROI and each session. For each trial epoch, we averaged the

estimated neural activity (16 data points) and calculated the difference

in the averaged neural activity between task-irrelevant areas (VWFA and

FFA for face and word tasks, respectively) and task-relevant areas (FFA

and VWFA for face and word tasks, respectively). For each of the

congruent and incongruent trials, we sorted the trials based on the

value calculated by subtracting the averaged activation during the 2-s

task epoch in task-relevant from that in task-irrelevant visual areas. We

then divided all trials into halves by the median of the differential

activation. We called trials with larger values for task-irrelevant minus

task-relevant visual areas as high-sensory conflict trials and trials with

smaller values for task-irrelevant minus task-relevant visual areas as low-

sensory conflict trials.

To search areas in which activation was covaried with the level of

sensory conflict, we modeled all incongruent trials with correct re-

sponse as one regressor with weighting of 1 and –1 for high- and low-

sensory conflict trials, respectively. We also modeled all congruent

trials in the same manner. Error trials were modeled separately without

weighting of sensory conflict. Images of parameter estimates for the

regressor on incongruent trials with weighting of two levels of sensory

conflict were created for each subject and were then entered into

a second-level analysis using one-sample t-test across the subjects.

Within the prefrontal regions that showed significantly higher acti-

vation on incongruent trials relative to the baseline (P < 0.05,

corrected), the results were thresholded at P < 0.001 uncorrected

with spatial extent more than 5 voxels.

We then examined the psychophysiological interaction between the

activation in areas identified in the above analysis and trial types with

high- or low-sensory conflict (Friston et al. 1997, 2003). This is to

identify areas that are functionally coupled with areas covaried with the

level of sensory conflict but in different manners based on whether the

sensory conflict was high or low. We extracted the BOLD time series

from a spherical region with a radius of 4 mm centered at the peak

coordinates of the DLPFC activation, which was identified by the

analysis of the effect of sensory conflict on incongruent trials (MNI [x y

z] = [–44 42 14]). We then obtained estimated neural activity by

deconvolving the BOLD time series with the HRF. We calculated the

product of this time course of estimated neural activity in the DLPFC

and the vector of the psychological variable of interest with high- and

low-sensory conflict trials weighted with 1 and –1, respectively. The

psychophysiological interaction term thus calculated was convolved

with canonical HRF. For each subject, a general linear model was

computed, which includes, as regressors, the interaction term, the time

series of BOLD signals in the DLPFC, and the psychological variable.

Images of the parameter estimates for the interaction term on in-

congruent trials were created for each subject and were then entered

into a second-level analysis using a one-sample t-test across the

subjects. The results were masked with activation map of incongruent

trials within the PFC (P < 0.05, corrected) and were thresholded at P <

0.001 uncorrected with spatial extent more than 5 voxels. The analysis

has shown significant psychophysiological interaction between the

DLPFC and ACC.

Finally, we examined the relationship between the behavioral re-

sponse time and activation in the DLPFC and ACC. We extracted the

deconvolved time series of the DLPFC and ACC activation from

a spherical region with a radius of 4 mm centered at the peak voxel in

the DLPFC ([x y z] = [–44 42 14]) and ACC ([x y z] = [12 18 48]). We

then averaged the deconvolved activation for each trial epoch. For each

of the high- and low-sensory conflict trials, we further classified the

trials into 2 groups based on the scaled behavioral response time split

by the median. We then calculated Pearson’s correlation coefficient r

for each of the fast and slow response trials and for each subject. After

normalizing the correlation coefficient using Fisher transformation, we

performed a one-sample t-test across subjects to examine whether the

normalized coefficients were significantly larger than zero.

Results

Behavior

We found a significant main effect of congruency (incongruent

vs. congruent) for both response time and accuracy (response

time, F(1, 15) = 16.36, P = 0.001; accuracy, F(1, 16) = 7.09, P =
0.019) (Fig. 2). The response time was significantly larger, and

accuracy was significantly lower on incongruent than on con-

gruent trials. We also found a significant main effect of task,

with better performance on the word task than on the face task

(response time, F(1, 15) = 25.65, P < 0.001; accuracy, F(1, 16) =
6.44, P = 0.024). The interaction between congruency and task

was also significant (response time, F(1, 15) = 18.11, P = 0.001;

accuracy, F(1, 16) = 5.57, P = 0.033). However, for each of the

face and word tasks, there was significant difference in the

behavioral performance between incongruent and congruent

trials, indicating the presence of cognitive conflict in both tasks

(post hoc analysis, response time, face task P < 0.001; word task,

P = 0.04; accuracy, face task P = 0.002; and word task, P = 0.04).

Neural Estimates of Sensory Conflict

In order to obtain the neural estimate of the sensory conflict,

we first obtained, for each subject, the time series of BOLD

signals from the FFA and VWFA, which were defined based on

a separate functional localizer experiment. The mean

Figure 2. Behavioral results mean response time and correct rate are plotted for
incongruent (black) and congruent (white) trials in the face and word tasks. Error bars
indicate standard error across subjects.
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coordinates of the identified ROI across subjects was (45, –52, –

22) for the FFA and (–52, –62, –12) for the VWFA, which were

consistent with previous studies (Kanwisher et al. 1997; Cohen

et al. 2000; Grill-Spector and Malach 2004). The standard de-

viation of the coordinate across subjects was less than 8 mm for

all axes of the coordinate, indicating consistency of the loca-

tion of the FFA and VWFA.

We next examined activation in these ROIs during the Stroop

task sessions. It has been shown that there is an increase in

activation in visual association areas that process task-relevant

information (Kastner and Ungerleider 2000; de Fockert et al.

2001; Egner and Hirsch 2005; Gazzaley et al. 2005a, 2005b, 2007;

Morishima et al. 2009). We indeed found significantly higher

activation in the FFA on face trials than on word trials (t(14) =
3.58, P = 0.003), which suggests task-dependent modulation of

activation in feature-specific sensory areas. In contrast, activa-

tion in the VWFAwas not significantly higher onword trials than

on face trials (t(14) = 0.62, P = 0.54). The lack of task-dependent

modulation of activation in the VWFA may be due to the lower

demand of the word task: The performance of the subjects was

significantly faster and more accurate in the word task than in

the face task. Also, there was a significant interaction between

task and congruency, with smaller congruency effect in the

word task.

In the present study, we did not focus on the proactive

control mechanism with which the processing in task-relevant

sensory areas is facilitated in response to the task-instructing

cue. Rather, we examined the mechanism with which the cog-

nitive control system adjusts itself to the across-trial fluctuation

in the level of activation in sensory areas upon arrival of sensory

information. Our hypothesis was that the difference in activation

between task-relevant and task-irrelevant areas triggers the re-

active control mechanism so as to adjust the behavior according

to the task requirement. We call this differential activation as the

neural estimate of sensory conflict between task-relevant and

task-irrelevant sensory information.

To obtain the neural estimates of sensory conflict, we first

transformed the BOLD signals in the FFA and VWFA to neural

activity by deconvolving the HRF from the BOLD time series.

This procedure allowed us to estimate the neural activity in the

FFA and VWFA for each trial. We calculated, on a single-trial

basis, the difference in the estimate of neural activity between

task-irrelevant and task-relevant visual areas by subtracting the

activation in the FFA from that of VWFA for the face task and

the activation in the VWFA from that of FFA for the word task.

The mean sensory conflict value did not differ significantly

between congruent and incongruent trials (incongruent:

–0.0039, congruent: –0.0026, t(14) = 0.039, P = 0.69).

Behavioral Relevance of Sensory Conflict

A larger amount of activation in areas that process task-irrelevant

sensory information relative to that in areas that process task-

relevant sensory information indicates a higher level of sensory

conflict, which has to be resolved in order to regulate the

behavior in favor of task-relevant information. Based on the idea,

we classified all trials into high- or low-sensory conflict trials

depending on whether the difference in activation in these visual

areas was larger or smaller than the median of the differential

activation for all trials.

It was predicted that a larger amount of sensory conflict is

associated with an increase in reaction time on incongruent

trials because of the need to resolve the conflict and adjust the

response accordingly. In contrast, on congruent trials, we pre-

dicted that the amount of sensory conflict does not affect re-

sponse time because both task-relevant and task-irrelevant

sensory information lead to the same behavioral response and

thus do not result in response competition. To test the idea, for

each of incongruent and congruent trials, we categorized high-

sensory conflict trials into 3 bins based on response time and

compared sensory conflict values between the fastest and

slowest bins. As predicted, we found that, on incongruent trials

with high-sensory conflict, the sensory conflict value was sig-

nificantly higher in the slowest bin than that in the fastest bin

(t(14) = 2.497, P = 0.025), whereas no significant difference was

observed between fastest and slowest bins on congruent trials

with high-sensory conflict (t(14) = 0.056, P = 0.955) (Fig. 3).

The results support the behavioral relevance of the sensory

conflict values.

We have also examined the correlation between sensory

conflict value and response time (RT). For each subject, we

calculated Pearson’s correlation coefficient r between sensory

conflict and RT, and the one-sample t-test was then performed

on standardized r across 15 subjects. On incongruent trials

with high-sensory conflict, the correlation was not significant

but was close to the threshold (mean value: 0.058, t(14) = 1.90,

P = 0.07). On congruent trials with high-sensory conflict, the

correlation was not significant (mean value: –0.008, t(14) = –

0.31, P = 0.75). Although we consider that the sensory conflict

could contribute to the variability in RT on the incongruent

trial with high-sensory conflict, the association between

sensory conflict and RT was not strong. This may be because

the association was obscured by the trial-by-trial fluctuation of

the processing at a response selection stage.

We also predicted that the level of sensory conflict changes

depending on whether the subjects had performed congruent or

incongruent trials on the previous trial. It has been shown that

performance of the subjects on incongruent trials is improved

when the trial is preceded by an incongruent trial (Kerns et al.

2004; Egner and Hirsch 2005; Mansouri et al. 2009). In fact, the

response time of our subjects was significantly shorter on

incongruent trials preceded by an incongruent trial than on

those preceded by a congruent trial (t(14) = 2.94, P = 0.01). This

behavioral effect is thought to be due to the carryover of control

Figure 3. Relationship between sensory conflict and behavior Mean sensory conflict
values are plotted for trials with fast, intermediate, and slow responses, for
incongruent (black circle) and congruent (white square) trials with high-sensory
conflict. Error bars indicate standard error across subjects.
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signals engaged in the prior performance of incongruent trials.

We considered that this conflict adaptation effect is also ob-

served on the level of sensory conflict. Concurrent with the idea,

we found that the estimate of sensory conflict on incongruent

trials preceded by an incongruent trial was significantly less than

zero (t(14) = –2.469, p = 0.027), indicating that activation in the

task-relevant areas was higher than that in task-irrelevant areas.

The results suggest that the sensory conflict was modulated by

conflict adaptation.

Activation in the DLPFC Changes Depending on the Level
of Sensory Conflict

The first aim of the present study was to find areas in which

activation was modulated depending on the level of conflict

between competing sensory representations. In other words,

we looked for areas that responded to the online fluctuation in

the inputs to the cognitive control system. These areas are

considered to be recruited more on incongruent trials than

on congruent trials. Therefore, we looked for these conflict-

related areas within regions in which activation was higher on

incongruent trials than on intertrial intervals. We found that the

bilateral middle and inferior frontal gyrus, bilateral superior

frontal sulcus, and the broad extent of medial PFC were active

on incongruent trials (P < 0.05, corrected) (Fig. 1C).

We then looked for areas in which activation changed de-

pending on the level of sensory conflict within the prefrontal

regions that were active on incongruent trials (Fig. 1C, thresh-

olded at P < 0.05 corrected). We found that activation in the left

DLPFC (Brodmanns area 46) was significantly higher on trials

with a high level of sensory conflict (P < 0.001, uncorrected,

peak coordinate [x y z] = [–44 42 14], z-score = 3.28) (Fig. 4A).

Moreover, the association was observed only on incongruent

trials: The activation in this area was not covaried with the level

of sensory conflict on congruent trials (P = 0.42) (Fig. 4B). We

also searched brain areas in which activation covaried para-

metrically with the sensory conflict value for each trial. We again

found that activation in the DLPFC was significantly covaried

with the sensory conflict only on incongruent trials (peak

coordinate: [–44 44 12], z-score: 3.11). The result supports tight

association between sensory conflict value and activation in the

DLPFC. Of note is that activation in the DLPFC was modulated by

sensory conflict only when the conflict has to be resolved for the

current behavioral goal.

We further examined the possibility that the association be-

tween activation in the DLPFC and the level of sensory conflict

can be accounted for by the difference in performance between

the face and word tasks. We tested the effect of task and sensory

conflict level on activation in the DLPFC. Again, we found

a significant main effect of sensory conflict level (F(1,14) =
10.874, P = 0.005). However, the main effect of the tasks

(F(1,14) = 2.361, P = 0.15) and interaction between sensory

conflict and task types were not significant (F(1,14) = 1.17, P =
0.30). Thus the association between activation in the DLPFC

and the level of sensory conflict cannot be accounted for by the

difference in performance between the face and word tasks.

We also examined whether a task-switch effect can account

for the activation in the DLPFC. We created another general

linear model in which task-switch and task-repetition trials were

modeled as an additional regressor. We found that addition of

the task-switch regressor did not affect the covariation of the

DLPFC activation with the level of sensory conflict: The peak of

the significant covariation was found at coordinate [–44 44 12]

(z = 3.34). In this region, the parameter estimate for the task-

switch regressor was not significantly different from zero (P >

0.05, uncorrected). Thus, the association between the DLPFC

and sensory conflict cannot be accounted for by the task switch.

We also found that activation in the DLPFC was not signi-

ficantly correlated with across-trial fluctuation in the response

time (P > 0.05, uncorrected), suggesting that the activation

cannot be accounted for by the fluctuation in behavioral re-

sponse time. However, when we analyzed only the high-

sensory conflict trials, the DLPFC activation was significantly

correlated with response time (t(14) = 3.93, P = 0.0015) (Fig.

4C), with a higher amount of activation covaried with slower

response. The correlation was not significant in low-sensory

conflict trials (t(14) = –0.60, P = 0.55). The correlation in high-

sensory conflict trials was significantly higher than the cor-

relation in low-sensory conflict trials (t(14) = 4.096, P =
0.0011). The results suggest that the DLPFC plays a role in

detection of sensory conflict in a goal-dependent manner.

The Coupling between the DLPFC and ACC Is Associated
with Behavior during High-Sensory Conflict

The second aim of the present study is to clarify the mechanism

withwhich the inputs of the conflict information to the cognitive

control system are implemented for the adjustment of behavior.

In other words, we examined the neural substrate for a reactive

mechanismof conflict resolution. For this purpose,we looked for

areas in which activation is correlated with activation in the

DLPFC on incongruent trials with high-sensory conflict (Friston

et al. 1997; Gitelman et al. 2003). Among the prefrontal regions

that were active on incongruent trials (P < 0.05, corrected), we

found that activation in theACCwas significantly correlatedwith

activation in theDLPFC, suggesting a functional link between the

two regions (P < 0.001, uncorrected, peak coordinate [x y z] =
[12 18 48], z-score = 3.54) (Fig. 5A).

We found evidence supporting the idea that the network

between the DLFPC and ACC is involved in the regulation of

behavior. For each of the high- or low-sensory conflict trials, we

divided trials into halves based on the median of the scaled

response time. We found significant correlation between acti-

vation in the DLPFC and ACC on high-sensory conflict trials

Figure 4. Activation associated with sensory conflict in the DLPFC: (A) Activation in
the DLPFC (coordinate: �44, 42, 14) associated with sensory conflict level. For
visualization purpose, red and yellow voxels correspond to P\ 0.005 and P\ 0.001
uncorrected, respectively. (B) Parameter estimates of the sensory conflict-related
regressor in the DLPFC (coordinate: �44, 42, 14). This reflects the sensitivity to the
level of sensory conflict. Beta estimates on incongruent trials (black) are significant
larger compared with those on congruent trials (t(14) 5 3.00, P 5 0.009). Beta
estimates on congruent trials (white) are not significantly different from zero (P 5

0.42). Error bars indicate standard error across subjects. (C) Correlation between
DLPFC activation and response time. Across-subject means of the normalized
correlation coefficients are plotted separately for high-sensory conflict and low-
sensory conflict trials. Error bars indicate standard error across subjects.
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with a faster response (t(14) = 5.22, P < 0.001), but the

correlation was not significant in the high-sensory conflict trials

with a slower response (t(14) = 0.51, P = 0.61) (Fig. 5B). We

also found that the correlation on high-sensory conflict trials

with a faster response was significantly tighter than a slower

response (t(14) = 3.556, P = 0.003). The correlation was not

significant on low-sensory conflict trials, either, regardless of

response speed (fast response t(14) = –0.19, P = 0.85; slow

response t(14) = 1.44, P = 0.17). In sum, the tight coupling

between the DLPFC and ACC was observed when there was

a high level of sensory conflict and when the subjects were able

to respond quickly, suggesting that the interaction between

the two areas is associated with resolution of sensory conflict.

The amount of activation in the ACC did not differ significantly

between fast and slow response trials with high-sensory

conflict (t(14) = –1.14, P = 0.27), suggesting that the tight

coupling between the DLPFC and ACC rather than activation in

a single ACC region is necessary for faster response.

Discussion

The aim of the present study is to elucidate how the cognitive

control process is adjusted to the sensory conflict for online

regulation of behavior. We sorted trials based on the amount of

sensory conflict, defined by the difference in brain activation

between task-relevant and task-irrelevant visual association

areas. The analysis enables us to isolate sensory conflict from

response conflict. We found that activation in the DLPFC was

covariedwith the level of sensory conflict onlywhen the conflict

needs to be resolved for current behavioral goal. We also found

that the tight coupling between the DLPFC and ACC was

associated with faster response on high-sensory conflict trials.

The results suggest that a reactive cognitive control mechanism

is subserved by a chain of interacting networks, whereby con-

flicts between sensory information are detected and are used to

regulate behavior.

Conflict-Driven Networks Identified with Single-Trial
Analysis

Single-trial analysis is essential to elucidate fluctuations in cog-

nitive functions (Fox and Raichle 2007; Fox et al. 2007; Eichele

et al. 2008). Fox et al. (2007) have shown a tight association

between the fluctuation of BOLD signal in sensori-motor

cortices and variability in button press force. Eichele et al.

(2008) have shown that an increase in activation in the default

mode network predicts poor behavioral performance on a trial

30 s later. These studies have examined whether the fluctu-

ation of brain activation can explain behavioral fluctuation. In

the present study, we have identified an interacting brain

network that is driven by across-trial fluctuations in activation

in sensory areas. Neural mechanisms of cognitive control have

been examined by comparing brain activation between con-

gruent and incongruent trials, which are categorically defined

based on the congruency of the stimuli presented. However,

activation in sensory areas that process the stimuli fluctuates

across trials even within the same experimental condition. In

the present study, we have identified brain areas in which

activation was covaried with the trial-by-trial fluctuation in the

neural estimates of conflict at a sensory processing stage.

We calculated, on a single-trial basis, the difference in brain

activation between task-relevant and task-irrelevant visual as-

sociation areas, which we considered as reflecting the level of

conflict at a sensory processing stage. This neural estimate of

sensory conflict was shown to be associated with behavior: A

higher sensory conflict value was associated with slower be-

havioral response on incongruent trials, and conflict adaptation

effect was observed on both the response time and sensory

conflict values. We further found that the sensory conflict did

not affect the speed of behavioral response on congruent trials.

We interpret the results based on a model proposed by Cohen

et al. (1990). In this model, noise components are implemented

as a source of behavioral variability at both sensory processing

and response selection stages. It is considered that, on in-

congruent trials, fluctuation in the processing at a sensory stage

contributes to the across-trial variability in behavioral response

time, whereas the fluctuation does not influence the response

time on congruent trials because both task-relevant and task-

irrelevant sensory information lead to the same behavioral re-

sponse. However, the correlation between the sensory conflict

and response time was not strong even on incongruent trials

because there exists an additional noise component at a response

selection stage. In fact, we have identified separate neural me-

chanisms that are involved in detection of sensory conflict and

adjustment of behavioral response.

Roles of the DLPFC for Conflict Detection

Our results suggest that the DLPFC detects the sensory conflict

in a manner dependent on the behavioral goal. Activation in the

DLPFC was covaried with the magnitude of sensory conflict,

which was defined by the difference in activation between

task-irrelevant minus task-relevant visual areas on a given trial.

This suggests that the DLPFC responds to the conflict infor-

mation from sensory areas that process task-relevant and task-

irrelevant information in the sensory stimuli. The association

between the DLPFC activation and estimate of sensory conflict

was observed only in incongruent trials, which suggests that

the DLPFC responds to the sensory conflict only when the

conflict needs to be resolved for response selection.

Previous studies have shown an increase of activation in the

ACC in tasks that involves detection and resolution of conflict.

However, the ACC is not connected with visual association

cortices but is connected with the lateral prefrontal and motor

Figure 5. The ACC coupled with the DLPFC during incongruent trials with high-
sensory conflict: (A) Psychophysiological interaction between the DLPFC activation
and sensory conflict level. The ACC (coordinate: 12, 18, 48) is significantly coupled
with the DLPFC in high-sensory conflict trials. For visualization purpose, red and yellow
voxels correspond to P \ 0.005 and P \ 0.001 uncorrected, respectively. (B)
Behavioral relevance of coupling between the DLPFC and ACC. Normalized correlation
coefficient between activation in the DLPFC and ACC is plotted for each of the high-
and low-sensory conflict trials with fast (black) and slow (white) responses. There is
a significant correlation in activation between the DLPFC and ACC on faster response
trials with high-sensory conflict (P\ 0.001), whereas this is not significant on slower
response trials with high-sensory conflict. Error bars indicate standard error across
subjects.
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cortices (Picard and Strick 1996; Barbas 2000). Thus, it is less

likely that the ACC receives direct inputs from sensory areas

and detects sensory conflict. In contrast, the DLPFC is tightly

connected with the visual association cortices (Barbas 2000).

Furthermore, single-unit studies have also shown that neurons

in the DLPFC represent a combination of sensory information

and behavioral goal, whereas neurons in the medial PFC, in-

cluding the ACC, represent behavioral response and reward

likelihood, not sensory information (Lauwereyns et al. 2001;

Shidara and Richmond 2002; Matsumoto et al. 2003, 2007). We

consider that the DLPFC, rather than the ACC, is situated in

a position to detect sensory conflict information.

In fact, previous imaging and brain lesion studies have shown

that the DLPFC plays a critical role in situations with sensory

conflict. Gehring et al. have shown that, in patients with DLPFC

lesion, the amplitude of error-related negativity on the vertex is

comparable with the amplitude of event-related potential on

correct trials, whereas in age-matched control subjects, the

event-related potential on the vertex is significantly larger on

error trials than that on correct trials (Gehring and Knight

2000). Braver et al. (2003) have shown that the DLPFC but not

the ACC is active in response to bottom-up driven information.

Milham et al. (2003) have shown that the ACC is primarily

involved in response-related conflict . Liston et al. (2006) have

shown that the DLPFC is more active when subjects switch

between the feature domains to be attended. Tsushima et al.

(2006) have shown an increase in the DLPFC activation when

identification of rapidly presented letters is perturbed by ambi-

guous motion background. Those studies indicate that the

DLPFC responds to conflicting sensory information, but it is not

clear whether the DLPFC activation is related to the detection

or resolution of conflict. In the present study, by introducing

single-trial analysis, we have shown that the DLPFC may play

a role in detecting sensory conflict in a goal-dependent manner.

The DLPFC may not only play a role in detection of sensory

conflict but also in resolution of the conflict. A higher amount

of activation in the DLPFC on trials with a high level of sensory

conflict may reflect processes associated with biasing the com-

petition in favor of task-relevant sensory information. However,

higher activation in the DLPFC was associated with an increase

in the response time, suggesting that DLPFC activation in re-

sponse to sensory conflict is not sufficient to resolve sensory

conflict.

Reactive Mechanism for Conflict Resolution

Once the sensory conflict is detected in the DLPFC, the in-

formation needs to be transferred to areas more related to re-

sponse selection so as to adjust behavior in a task-contingent

manner. We found that activation in the ACC is positively

correlated with activation in the DLPFC when there was a high

level of sensory conflict, which may suggest that the ACC

receives sensory conflict information from the DLPFC. We have

also shown that tight coupling between the DLPFC and ACC is

associated with faster behavioral response when the level of

sensory conflict is high. We also found that the amount of

activation in the ACC was not associated with response time.

Based on these, we suggest that the interaction between the

DLPFC and ACC is driven by an increase in the bottom-up

inputs related to sensory conflict, and this contributes to online

resolution of conflict. In contrast to the proactive mechanism

for conflict resolution, we call this sensory-driven mechanism

a reactive mechanism for conflict resolution (Braver et al. 2003;

Bunge 2004).

Previous studies have shown that the ACC plays an essential

role in adjustment of executive control mechanism of the

DLPFC (Botvinick et al. 2001; Kerns et al. 2004; Brown and

Braver 2005; Egner and Hirsch 2005; di Pellegrino et al. 2007;

Mansouri et al. 2007; Mansouri et al. 2009). The activation of the

ACC on a given trial predicts the activation of the DLPFC on the

next trial (Kerns et al. 2004). Patients with ACC lesion do not

exhibit behavioral adjustments in cognitive control following

the occurrence of response conflict (di Pellegrino et al. 2007).

According to the conflict monitoring account, conflict adapta-

tion effect is achieved as a passive consequence of dealing with

conflict information on a previous trial (Botvinick et al. 2001).

Thus, the information may flow from the ACC to DLPFC for

regulation of behavior across trials.

In contrast, the present study has examined a reactive control

mechanism involved in resolution of sensory conflict that starts

to operate upon arrival of sensory information. In this reactive

control, we propose that the information may flow from the

DLPFC to ACC. The DLPFC detects sensory conflict that has to

be resolved for the current behavioral goal. The detected con-

flict is then resolved at the response level through tight coupling

between the DLPFC and ACC (Fig. 6). The idea is consistent with

cascade-of-control model proposed by Banich et al. (2009). They

propose that the DLPFC biases task-relevant processes and re-

presentations, and the ACC then evaluates and selects behavioral

response. Previous studies have shown that the ACC as well as

the presupplementary motor area play a role in regulating be-

havior in the presence of conflicts between two opposing re-

sponses (Carter et al. 1998; Botvinick et al. 1999; MacDonald

et al. 2000; Barch et al. 2001; Swick and Jovanovic 2002; Kerns

et al. 2004; Brown and Braver 2005; Isoda and Hikosaka 2007;

Taylor et al. 2007). The present study has advanced the idea by

demonstrating that efficient interaction between the ACC and

DLPFC is necessary to resolve conflicts. The tight coupling may

reflect efficient transfer of conflict information between the two

areas. The conflict is then resolved at a response selection stage

rather than a sensory processing stage.

Figure 6. Reactive control model for online conflict resolution: When the level of
conflict at a sensory processing stage is high, the conflict is detected by a detector of
the conflict monitoring system, the DLPFC. The DLPFC then communicates with an
effector of the conflict monitoring system, the ACC and transfers the conflict
information. The tight functional link between the DLPFC and ACC enables effective
adjustment of behavior and thus results in faster behavioral response. By contrast,
when the level of conflict at a sensory processing stage is low, the sensory
information is directly transferred from a sensory processing unit to a response unit.
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In conclusion, we have identified neural substrates for an

online adaptive control mechanism, whereby conflicts between

task-relevant and task-irrelevant sensory information are de-

tected and used to adjust the behavior. The DLPFC detects

sensory conflict that has to be resolved for goal-directed be-

havior, but activation in the DLPFC itself is not sufficient to

resolve the conflict. Instead, tight coupling between the DLPFC

and ACC resolves the sensory conflict, but activation in the

ACC per se is not sufficient to resolve the conflict. Adaptive

control of behavior is achieved by interacting neural networks

in the PFC.
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