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Network structure underlying resolution of conflicting
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Social judgments often require resolution of incongruity in communication contents. Although previous studies revealed that such conflict resolution
recruits brain regions including the medial prefrontal cortex (mPFC) and posterior inferior frontal gyrus (pIFG), functional relationships and networks
among these regions remain unclear. In this functional magnetic resonance imaging study, we investigated the functional dissociation and networks by
measuring human brain activity during resolving incongruity between verbal and non-verbal emotional contents. First, we found that the conflict
resolutions biased by the non-verbal contents activated the posterior dorsal mPFC (post-dmPFC), bilateral anterior insula (Al) and right dorsal pIFG,
whereas the resolutions biased by the verbal contents activated the bilateral ventral pIFG. In contrast, the anterior dmPFC (ant-dmPFC), bilateral
superior temporal sulcus and fusiform gyrus were commonly involved in both of the resolutions. Second, we found that the post-dmPFC and right ventral
pIFG were hub regions in networks underlying the non-verbal- and verbal-content-biased resolutions, respectively. Finally, we revealed that these
resolution-type-specific networks were bridged by the ant-dmPFC, which was recruited for the conflict resolutions earlier than the two hub regions.
These findings suggest that, in social conflict resolutions, the ant-dmPFC selectively recruits one of the resolution-type—specific networks through its

interaction with resolution-type-specific hub regions.
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INTRODUCTION

Real life is filled with two-sided social information, such as irony and
humor, whose non-verbal and verbal contents are in conflict (Pexman,
2008), and the incongruity needs to be instantly resolved for adequate
social judgments. A series of studies have suggested that this funda-
mental social ability involves various brain regions such as the medial
prefrontal cortex (mPFC), posterior inferior frontal gyrus (pIFG) and
superior temporal sulcus (STS) (Amodio and Frith, 2006; Zaki and
Ochsner, 2009): by using social information whose visual and verbal
contents are incongruent, prior functional magnetic resonance ima-
ging (fMRI) studies have shown that the mPFC is activated during
resolution of the visual-verbal incongruent information (Etkin et al,
2006; Zaki et al., 2010). Other neuroimaging studies have reported
increase in the activity of the pIFG and STS as well as the mPFC
when subjects are presented with conflicting or ambiguous social
stimuli (Decety and Chaminade, 2003; Hsu et al, 2005; Mitchell
et al., 2006; Wittfoth et al, 2010; Klasen et al., 2011). Other fMRI
and electrophysiological studies have demonstrated that the STS is
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involved in integration of different types of social information
(Beauchamp et al., 2004; Ghazanfar et al., 2008).

Although these studies have listed the brain regions related to the
social conflict resolution and some of them have reported local
interactions among the regions (Etkin et al., 2006; Zaki et al., 2010),
detailed functional relationships and network architecture among the
brain regions are still elusive. Consequently, it remains unclear
either which of the regions mainly controls the social conflict
resolutions or which of the connectivity among the regions is select-
ively recruited in specific conflict resolutions. In this fMRI study,
hence, we aimed at clarifying what functional dissociations and
network structure among the brain regions are underlying the reso-
lution of social conflict between verbal and non-verbal emotional
contents.

For this purpose, we adopted a psychological task that has enabled
us to detect brain responses specific to autism spectrum disorders in
our recent case-control study (Watanabe et al., 2012b). This psycho-
logical task (Figure 1A) consists of a series of ‘friend or foe’ judgment
tasks, which is considered to recruit brain regions similar to those
recruited by social conflict resolutions in real-life situation (Adolphs,
2010). The subjects were instructed to make the friend/foe judgments
on each person who appeared in each realistic short movie in which
different professional actors spoke different emotional words (positive/
negative verbal cue) (Bradley and Lang, 1999) with different emotional
facial expressions and voice prosody (positive/negative non-verbal cue)
(Figure 1B). The movies, therefore, consist of four types of stimuli
(Figure 1B): a positive verbal cue with a positive non-verbal
cue (V4+NV+), a positive verbal cue with a negative non-verbal cue
(V4NV—), a negative verbal cue with a negative non-verbal
cue (V=NV—) and a negative verbal cue with a positive non-verbal
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Fig. 1 Task design and behavioral results. (A) Task design. In each trial during fMRI scanning, a 1.5
video stimulus was presented with audio. The subjects were instructed to freely judge whether a
professional actor who appeared in the video was a friend or foe by pressing a different button in
the following 2's response period. The average duration of a single trial was 7. (B) Types of video
stimuli. In each video stimulus, 1 of 20 professional actors spoke an emotional word (positive or
negative verbal information) with an emotional facial expression and voice prosody (positive or
negative non-verbal information). (C) Differences in response time between congruent and incon-
gruent stimuli. Responses to incongruent stimuli were significantly longer than responses to
congruent stimuli (**P <0.01, paired t-test). (D) Difference in response time between non-ver-
bal—cue-biased and verbal—cue-biased resolutions. Friend/foe judgments of incongruent stimuli were
classified into non-verbal—cue-biased or verbal—cue-biased resolutions of incongruence
(see Introduction). There was no significant difference in response time between non-verbal—cue-
biased and verbal—cue-biased resolutions. (E). Difference in the number of incongruent resolutions.
Participants made significantly more non-verbal—cue-biased resolutions than verbal—cue-biased
resolutions (***P < 0.001, paired t-test).

cue (V=NV+). To reduce the Stroop effect that has been examined in
a line of previous studies (Egner and Hirsch, 2005; Etkin et al., 2006;
Wang et al, 2006; Morishima et al., 2010; Shibata et al., 2010;
Ovaysikia et al, 2011), the subjects were allowed to freely make the
friend/foe judgments.

To investigate functional dissociations among the relevant brain
regions, we classified the subjects’ judgments on the incongruent sti-
muli into verbal— or non-verbal—cue-biased resolutions on the basis of
the type of information that mainly affected the friend/foe judgments.
For example, a judgment of foe on an actor in a V4NV — movie is
regarded as a non-verbal-information-biased resolution (NV reso-
lution), whereas a judgment of friend on an actor in V4+NV— movie
is considered as a verbal-information-biased resolution (V resolution).
In the following analyses, by estimating psychophysiological inter-
actions (PPI) among the relevant brain regions, we depicted detailed
network structures among the regions related to social conflict reso-
lutions. Furthermore, by using a multivariate pattern analysis (MVPA),
we investigated which brain regions in the network played a regulatory
role in the social conflict resolutions.
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MATERIALS AND METHODS

Subjects

We conducted two fMRI experiments (I and II) by using two different
groups of healthy subjects. The fMRI experiment I employed 27 sub-
jects (11 female, mean age=27.3 years, range: 21-36). The fMRI ex-
periment II recruited seven subjects (three female, mean age=26.4
years, range: 24-29). All the subjects were Japanese and right-
handed. The handedness indices of all the subjects were >80 in the
Edinburgh handedness inventory (Oldfield, 1971). None of the sub-
jects had a history of neuropsychiatric disorder. The ethics committee
of The University of Tokyo Hospital approved this study (#1350).
Written informed consents were obtained from all the subjects.

Task and MRI scanning

The task and stimuli were exactly the same as those used in our recent
case-control study (Watanabe et al., 2012b) (Figure 1A and B,
Supplementary Movies S1-S4, Supplementary Methods). We used a
3T MRI scanner (General Electric, CT, USA) with a magnet-compat-
ible headphone system (Hitachi, Corp. Tokyo, Japan). fMRI images
were obtained by gradient-echo echo-planar sequences (TR=3s,
TE = 35ms, flip angle = 80 degrees, 4 x 4 x 4 mm, 22 slices, interleaved
acquisition), whose first five images in each run were excluded from
the analysis to account for the equilibrium of longitudinal
magnetization.

Behavioral analyses for the fMRI experiment |

In the behavioral analyses for the fMRI experiment I, we first con-
ducted a paired f-test to compare the response time between the
congruent and incongruent stimuli trials. We then examined the dif-
ferences in response time between the V and NV resolution trials. The
possible effects of conflict adaptation were also tested (Logan and
Zbrodoff, 1979; Gratton et al., 1992; Egner and Hirsch, 2005). We
then evaluated effects of first impressions on the following judgments
(Schiller et al., 2009). For example, if a subject had a positive first
impression of an actor, the subject might tend to judge the following
movies of the same actor in a positive way. To estimate the effect, we
compared the proportions of positive (friend) and negative (foe) judg-
ments of the incongruent movie that followed the first congruent
movie. Finally, the number of the NV resolution trials was compared
with that of the V resolution trials using a paired #-test.

Neuroimaging analysis of the fMRI experiment |

The data were analyzed using SPMS8 (http://www.fil.ion.ucl.ac.uk/
spm/). Functional images were realigned, slice timing corrected, nor-
malized to the default template with interpolation to a 2 x 2 x 2mm
space and smoothed (FWHM =8 mm, Gaussian filter). High-pass
temporal filtering with a cutoff of 128s was applied. In single-level
analyses, we used a general linear model (GLM) with the following
regressors: two regressors for the congruent trials (friend to V4+NV+
and foe to V=NV —), and four regressors for two types of the incon-
gruent stimuli (V4+NV— and V—NV+) X two types of the judgment
(friend and foe). In the regressors, each of the trials was coded at each
stimulus onset with duration time equal to each of the response time.
To use the brain activity during direct response to the congruent
stimuli as a baseline of the activity, we excluded a small number of
non-straight responses to the congruent stimuli (i.e. friend to V-NV—
and foe to V4+NV+). After the single-level analyses, based on a
random-effects model, we conducted group analyses across subjects
with a threshold of P<0.05 (FDR-corrected revised version in the
latest SPM8) (Chumbley and Friston, 2009).
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Neural network for social conflict resolution
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Fig. 2 Brain regions related to V and NV resolutions. (A) Brain regions specific to V resolutions. The
bilateral ventral posterior inferior frontal gyrus (pIFG) showed significantly larger activity during V
resolutions than during NV resolutions (P < 0.05, FDR-corrected). (B) Brain regions specific to NV
resolutions. The posterior dorsal medial prefrontal cortex (post-dmPFC), bilateral anterior insula (Al)
and dorsal plFG showed significantly larger activity during NV resolutions than during V resolutions
(P <0.05, FDR-corrected). (C) Brain regions common to V and NV resolutions. Conjunction analysis of
V resolutions (P < 0.001, uncorrected) and NV resolutions (P < 0.001, uncorrected) revealed brain
regions common to V and NV resolutions (P < 10~° uncorrected). The regions include the anterior
dmPFC, bilateral fusiform gyrus and bilateral superior temporal sulcus (STS).

To identify brain regions that were specifically activated during V
resolution or NV resolution, we conducted the whole-brain repeated-
measure two-way analysis of variance (ANOVA) of the fMRI signals
(type of resolutions: V resolution/NV resolution X type of judgments:
friend/foe), and estimated the main effect of the type of resolutions.
We denoted these brain regions specific to V or NV resolution as V
region or NV regions, respectively (Figure 2A and B).

To investigate brain regions that were commonly activated in both
types of conflict resolutions, we used a conjunction analysis of V reso-
lution trials and NV resolution trials (Nichols et al., 2005; Chadick and
Gazzaley, 2011; Daw et al., 2011; Kahnt et al,, 2011; Klasen et al., 2011;
Xue et al., 2011). Based on the standard procedure of the conjunction
analysis with conservative null hypothesis (Nichols et al, 2005), we
first estimated a whole brain map for V resolution trails (‘friend to
V4+NV— > friend to V4+NV+ and ‘foe to V-NV+ > foe
to V=NV—’), and a whole brain map for NV resolution trials (‘foe
to V+NV— > foe to V-NV—’ and ‘friend to V-NV+ > friend to
V+NV+’). Note that brain regions in these two brain maps were dif-
ferent from V region and NV region. We then converted the two brain
maps to two binary maps by using P<0.001 uncorrected as a threshold
(Klasen et al., 2011). By multiplying the two binary maps, we obtained
a whole brain map indicating a conjunction of the two conditions
(P<107°, uncorrected). We denoted these regions commonly involved
in both types of resolutions as V&NV regions (Figure 2C).

To estimate the influence of unbalance between the number of V
and NV trials on these activation results, we conducted the two

SCAN (2014) 769

different analyses. (i) In the group-level analysis, we newly adopted
the number of V and NV trials for each of the subjects as covariates.
The other parts of the analyses were the same as the original manner.
(ii) In the single-subject-level analysis, we made the number of NV
trials same as that of V trials by the random sampling as follows: for
subjects whose number of NV trials was larger than that of V trials, we
randomly selected the same number of the NV trials as that of the V
trials. For subjects whose number of V trials was larger than that of NV
trials, we randomly selected the same number of the V trials as that of
the NV trials. The other parts of the analyses were the same as the
original manner.

PPI analysis and comparison with behavioral patterns

We then estimated the PPIs (Biichel and Friston, 1997; Etkin et al.,
2006; Watanabe et al., 2012a) among two sets of the brain regions
based on implementation in SPM8 (Friston et al, 1997): the first set
consisted of V regions and V&NV regions, and the other set consisted
of NV regions and V&NV regions. In a single-subject—level estimation,
each fMRI signal was defined as an averaged value in a 4 mm-radius
sphere in each region (Morishima et al.,, 2010). Each psychological
factor was defined as a regressor contrasting V resolution trials and
NV resolution trials. For example, PPIs among V regions and V&NV
regions were calculated as enhanced functional interaction during V
resolution trials than NV resolution trials. The individual results were
submitted to a random-effects group analysis using one-sample #-tests.
We evaluated PPIs for all the possible connections among each set of
regions, and estimated their statistical power using a rough-FDR cor-
rection for multiple comparisons.

Based on the network topology based on the PPI analysis, we calcu-
lated degree centrality (i.e. the number of significantly enhanced PPIs)
for all the related regions (Sporns et al., 2007; Bullmore and Sporns,
2009; Zuo et al, 2012), and identified resolution-type—specific hub
regions and the resolution-type—general central region. For functional
characterization, we then estimated Pearson’s correlation coefficients
across subjects between the brain activity of the brain regions and two
behavior scores: the number of trials for the corresponding types of
resolutions, and the response time for the resolutions.

Neuroimaging analysis of the fMRI experiment Il

To avoid a circular analysis and maintain the independence of this
analysis from the aforementioned analysis, we employed independent
seven subjects who did not undergo the fMRI experiment I. The new
seven subjects underwent the same psychological task as in the fMRI
experiment I with the same fMRI scanning setting. We applied the
same preprocessing to the obtained fMRI images as in the analysis
for the fMRI experiment I, except smoothing, which is not suitable
for the following MVPA (Watanabe et al., 2011).

MVPA-based characterization of resolution-type-specific
hub regions

We first examined whether the brain activity in the resolution-
type—specific hub regions had enough information to accurately
classify responses to the incongruent stimuli to V resolutions or NV
resolutions. In a single-subject level, to evaluate the fMRI signal in each
trial independently of behavior, we set a different regressor for each
trial in a GLM (i.e. 80 regressors were built into the GLM for 80 trials)
(Polyn et al, 2005; Johnson et al, 2009; Schurger et al, 2010;
Watanabe et al., 2011). To minimize the temporal interaction among
adjacent trials, the resulting GLM was corrected for temporal autocor-
relations using a first-order autoregressive model. For each trial invol-
ving the incongruent stimuli, we extracted averaged signals in the
resolution-type—specific hub regions, whose coordinates were based
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on the fMRI experiment I. Consequently, 40 sets of the fMRI signals in
the 40 incongruent trials were obtained and were submitted into
MVPA. In the MVPA, using a linear support vector machine (SVM)
(Haynes and Rees, 2005; Kamitani and Tong, 2005; Watanabe et al.,
2011), we used the sets of fMRI signals as features and the correspond-
ing labels (V resolutions or NV resolutions) as classes. We first used 39
of the 40 sets of the fMRI signals to train the linear SVM, and then
tested the trained SVM using the rest of the 40 sets of the fMRI signals.
We repeated this training and test procedure 40 times and estimated
how many of the responses were accurately predicted (leave-one-out
cross-validation test, LOOCV test) (Kamitani and Tong, 2005; 2006;
Pereira et al., 2009). The statistical significance for accuracy was eval-
uated in a permutation test (Pereira et al., 2009; Schurger et al., 2010;
Watanabe et al., 2011).

MVPA-based time course analysis of the three central regions

We next investigated the temporal relationship between the resolution-
type—general central region and resolution-type—specific hub regions
by estimating the time course of the classification accuracy in MVPA
(Polyn et al., 2005; Johnson et al, 2009; Watanabe et al., 2011). By
building independent regressors, we divided time of 6s from the
stimulus onset into six periods, and extracted fMRI signals during
each of the periods around the coordinates of these central regions,
which were determined in the fMRI experiment I. By using another
MVPA using a linear SVM, we estimated how accurately the fMRI
signals in each of the six periods classified the fMRI signals into the
congruent and incongruent trials as follows.

As in previous studies (Polyn et al, 2005; Johnson et al, 2009;
Schurger et al., 2010; Watanabe et al., 2011), we first built six box-
car—type sequential regressors with length of 1.0s for each of the sti-
muli (i.e. overall, 6 x 80 regressors of interest). Using these regressors,
we conducted a GLM in a single-subject level. To minimize the tem-
poral interaction among adjacent trials, the resulting GLM was cor-
rected for temporal autocorrelations using a first-order autoregressive
model. Through these processes, we obtained fMRI signals represent-
ing the corresponding period of 1.0's (i.e. from the onset of the stimuli
to 6s after the stimulus onset). By using MVPA, we next searched for
which of the fMRI signals in the six periods had the largest information
to classify the congruent and incongruent trials. As an example, we will
explain the procedure for the case of the fMRI data during the first
period (i.e. 0-1.0s from the stimulus onset) in the resolution-
type—general central region [i.e. the anterior dorsal mPFC (ant-
dmPFC)]. (i) We collected the fMRI data for the first period for all
the 80 trials. (ii) For each of the data, we extracted sets of fMRI signals
in the 33 voxels around the coordinates of the ant-dmPFC, which was
independently determined in the fMRI experiment I (33 voxels are
equivalent to voxels in the sphere with radius of 5mm) (Watanabe
et al., 2011). Consequently, we obtained 40 sets of 33 voxels of fMRI
signals during the congruent trials and 40 sets during the incongruent
trials. (iii) Using 79 sets of the data, we trained a linear SVM, and
tested the trained linear SVM by using the rest of the data set. We
repeated this training and test procedure 80 times (LOOCV). (iv) We
estimated how many trials the linear SVM accurately classified into the
congruent or incongruent trials, and obtained classification accuracy.
The significance for the accuracy was evaluated in a permutation test.

We applied these steps to all the six periods in all the three central
regions, and obtained the time course of classification accuracy for all
the regions in one subject. We then repeated this procedure in all the
seven subjects in experiment II, and conducted across-subject paired
t-tests of the accuracy in each period between the resolution-type—gen-
eral central region and resolution-type—specific hub regions.

T.Watanabe et al.

RESULTS
Behavioral results

The subjects responded in a straightforward manner to almost all the
congruent stimuli. Almost all of the V-NV— stimuli were judged as
foe (94.0 & 6.0%, mean =+ s.d.), while almost all the V4NV + stimuli as
friend (90.0 +11.0%). In the incongruent stimuli trials, the response
time was significantly longer than that in the congruent stimuli trials
[#(26) =6.50, P<0.01, paired t-test; Figure 1C], validating that the
subjects were conducting conflict resolution in the incongruent stimuli
trials. The subjects showed significantly more NV resolutions than V
resolutions [#(26) =6.97, P<0.001, paired #-test; Figure 1D]. However,
the response time did not show a significant difference between the
two types of the conflict resolutions (P> 0.5, paired t-test; Figure 1E).

The effect of the first impression (Schiller et al, 2009) could be
excluded because there was no significant difference in tendency of
the friend/foe judgments on the later movies between different initial
movies (P> 0.5, paired #-test). Moreover, the effect of conflict adapta-
tion (Logan and Zbrodoff, 1979; Gratton et al., 1992; Egner and
Hirsch, 2005) was evaluated through comparison of response time
for the incongruent stimuli following the congruent stimuli with that
for the incongruent stimuli following other incongruent stimuli. We
did not find a significant difference in the paired #-test across subjects
(P>0.21), allowing us to exclude a possible effect of conflict adapta-
tion in the following analyses.

Brain regions specific to V or NV resolutions

To identify brain regions specific to V or NV resolutions, we con-
ducted the whole-brain repeated-measure two-way ANOVA of the
fMRI signals during the incongruent stimuli trials (type of judgments:
friend/foe X type of resolutions: V/NV resolution), and estimated the
main effect of the type of resolutions. We found that the posterior
dorsal mPFC (post-dmPFC), bilateral Al and right dorsal pIFG showed
significantly larger activity during NV resolutions than during V reso-
lutions, whereas the bilateral ventral pIFG showed significantly larger
activity during V resolutions than during NV resolutions (P<0.05,
FDR-corrected; Figure 2A and B and Table 1). In contrast, we found
neither a significant main effect of type of judgments nor a significant
interaction in any brain region. In the following sections, the regions
specific to V resolution are denoted by V regions, and those specific to
NV resolution are denoted by NV regions.

To examine effects of the unbalanced number between V and NV
trials on these results, we conducted two different analyses (see
Methods). One of the analyses used the number of V and NV trials
as covariates in the group-level analysis, and the other was based on
random sampling similar to Monte—Carlo method. Although the
coordinates of the brain regions were slightly fluctuated, both of the
analyses essentially replicated the original results (Supplementary
Tables S1 and S2).

Brian regions common to V and NV resolutions

We then aimed at identifying brain regions commonly involved in V
and NV resolutions through a conjunction analysis of V-reso-
lution-related regions (P<0.001, wuncorrected) and NV-reso-
lution—related regions (P<0.001, uncorrected) with a conservative
null hypothesis (Nichols et al., 2005). The statistical threshold in this
conjunction analysis is P<10~°, which is strict enough in the whole
brain analysis (Chadick and Gazzaley, 2011). Note that the V- or NV-
resolution—related regions are not the same as V or NV regions. The V-
or NV-resolution—related regions were considered to consist of not
only resolution-type—specific regions, but also resolution-type—com-
mon regions. Consequently, we found the ant-dmPFC, bilateral fusi-
form gyrus and bilateral STS (Figure 2C). Their coordinates in Table 1
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Table 1 Brain regions involved in resolution of incongruent stimuli

R/L Anatomical MNI coordinate Cluster ¢ value
label _  size
X y z
NV resolutions >V resolutions
R Post-dmPFC 6 30 48 5743 6.8
R Al 30 26 —6 1033 5.4
L Al —28 28 —10 417 6.3
R Dorsal plFG 50 22 28 1973 5.2
V resolutions > NV resolutions
R Ventral plFG 46 30 —8 1498 6.5
L Ventral plfFG ~ —56 16 8 3851 6.1
Conjunction of V resolutions and NV resolutions
R ant-dmPFC 2 4 34 1175
R STS 58 =2 10 2061
L STS —58  —26 10 2752 *
R Fusiform 36 —30 —20 1824
L Fusiform -36 =26 —20 1398

NV>V and V>NV contrast: P < 0.05, FDR-corrected.

*Threshold for conjunction analysis: P < 0.000001.

R/L: right/left, MNI: Montreal Neurological Institute, mPFC: medial prefrontal cortex, pIFG: posterior
inferior prefrontal cortex, Al: anterior insula, STS: superior temporal sulcus.

represent the approximate center coordinates. Hereafter, these regions
are denoted by V&NV regions.

Network architecture underlying conflict resolutions

To reveal the network architectures underlying the social conflict reso-
lutions, we then conducted PPI analyses among the found brain
regions. For the V-resolution—specific network consisting of V regions
and V&NV regions, six PPIs were significantly enhanced during V
resolution trials compared with NV resolution trials (P<0.05, FDR-
corrected among 42 potential PPIs; Figure 3A and Table 2). For the
NV-resolution—specific network consisting of NV regions and V&NV
regions, other six PPIs were enhanced during NV resolution trials
compared with V resolution trials (P<0.05, FDR-corrected among
72 potential PPIs; Figure 3A and Table 2). Based on these PPI analyses,
we compared degree centrality of each region (i.e. the number of sig-
nificant PPIs connecting to the region). Consequently, the right ventral
pIFG had the largest degree centrality among V regions, the post-
dmPFC had among NV regions and the ant-dmPFC had among
V&NV regions (Figure 3B). Moreover, these three high-degree regions
had direct connections with each other (Figure 3A).

These results suggest that the right ventral pIFG is a hub region in
the V-resolution—specific neural network, whereas the post-dmPFC is a
hub region in the NV-resolution—specific neural network. Moreover,
these results also allow us to hypothesize that the ant-dmPFC plays a
regulatory role by bridging the two resolution-type—specific hub
regions.

Comparison with behavioral patterns

We examined the hypothesized central roles of the right ventral pIFG,
post-dmPFC and ant-dmPFC by comparing the brain activity with
corresponding behavioral patterns. First, a significantly positive cor-
relation was found between the fMRI signal in the right ventral pIFG
and the number of V resolution (P < 0.05, Bonferroni-corrected among
V regions; left panel in Figure 3C). Another significant positive cor-
relation was also found between the fMRI signal in the post-dmPFC
and the number of NV resolution (P<0.05, Bonferroni-corrected
among NV regions; right panel in Figure 3C). We did not find any
significant correlation in the other V, NV and V&NV regions. These
results suggest that, compared with the other brain regions, the activity
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of the hub regions have more influence on the social conflict reso-
lutions, which is consistent with the network structure presented in the
above analysis.

Moreover, we found significantly positive correlations with the
response time spent for friend/foe judgments only in the ant-dmPFC
in both types of resolutions (P<0.05, Bonferroni-corrected among
V&NV regions; Figure 3D). This result suggests that the ant-dmPFC
is involved in the general process of the social conflict resolutions,
which is consistent with the network topology revealed in the above
PPI analysis.

MVPA-based characterization of the resolution-type—specific
hub regions

To confirm that the activity in the resolution-type—specific hub regions
is strongly associated with the type of resolution, we conducted a
MVPA using a different set of the subjects (fMRI experiment II),
and tested whether the brain activity in the resolution-type—specific
hub regions accurately predicts resolution type for each of the incon-
gruent stimuli in a trial-by-trial manner. Consequently, we could pre-
dict types of resolutions in a single-trial level in all the seven new
subjects with significantly high accuracy (P<0.05, a permutation
test; a representative result shown in Figure 4A; results of all the
seven subjects shown in Figure 4B). We could not predict with signifi-
cantly high accuracy by using the other possible combinations of brain
activity in the V regions and NV regions (P> 0.4). These results val-
idate that the post-dmPFC and right ventral pIFG play central roles in
each resolution-type—specific neural network.

MVPA-based time-course analysis

These results of the PPI analyses and comparison with behavioral pat-
terns imply a certain special role of the ant-dmPFC among V&NV
regions. To further investigate the role, by using another MVPA, we
compared the time course of classification accuracy of the ant-dmPFC
with those of the resolution-type—specific hub regions (i.e. the right
ventral pIFG and post-dmPFC) (Polyn et al, 2005; Johnson et al,
2009; Watanabe et al., 2011). Consequently, as shown in Figure 4C,
the brain activity in the ant-dmPFC had the largest information to
classify the congruent and incongruent stimuli trials at 2s after the
stimulus onset (P<0.0001 in a permutation test). In contrast, the brain
activity in the resolution-type—specific hub regions had the largest in-
formation at 4 s after the onset (P<0.0001 in a permutation test). The
classification accuracy based on the ant-dmPFC was significantly
higher at 2s after the onset than those based on the right ventral
pIFG/post-dmPEC [#(6) > 12.4, P<0.05, Bonferroni-corrected, paired
t-tests]. The accuracy at 4 s after the onset showed the opposite pattern
[#(6) >11.9, P<0.05, Bonferroni-corrected, paired f-tests]. These re-
sults suggest that the ant-dmPFC responds to incongruent stimuli ear-
lier than the resolution-type—specific hub regions, and imply that the
ant-dmPFC regulates which of the resolution-type—specific neural net-
works is recruited through the interactions with the hub regions.

DISCUSSION

The current study demonstrated the structure of the neural network
underlying the resolution of verbal/non-verbal incongruent social in-
formation by using correlational analyses with behavior, PPI analysis
and MVPAs. The network structure contains two resolution-type—spe-
cific subnetworks: The subnetwork for the V resolutions involves the
right ventral pIFG as a hub region, whereas the subnetwork for the NV
resolutions involves the post-dmPFC as a hub. The two subnetworks
are bridged by the resolution-type—general ant-dmPFC, which interacts
with both of the resolution-type—specific hub regions. In addition, the
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Table 2 PPI for verbal—/non-verbal—cue-biased resolutions

Seed Target t value

V resolution > NV resolution
ant dmPFC Right ventral pIFG 37
Right ventral pIFG ant dmPFC 3.8
Left plFG Right ventral plFG 43
Left STS Right ventral pIFG 3.6
Right fusiform Right ventral pIFG 35
Left fusiform Right ventral pIFG 33

NV resolution >V resolution
ant dmPFC Post dmPFC 4.1
Post dmPFC ant dmPFC 35
Right dorsal plFG Post dmPFC 32
Left Al Post dmPFC 38
Right STS Right dorsal pIFG 4.1
Right fusiform Post dmPFC 3.6

P <0.05, rough FDR-corrected.
The abbreviations are the same as in Table 1.

MVPA-based time course analysis implies that the ant-dmPFC regu-
lates the resolution-type—specific hub regions.

In the present study, we built up the resolution-type—specific net-
works from the brain regions whose activity was significantly increased
during the conflict resolutions. Therefore, there is a reasonable possi-
bility that, even if their activity was not large enough, other brain
regions are linked with the networks. Indeed, in whole-brain—level

analyses of resolution-type—specific PPIs, we found several brain re-
gions whose PPIs with the corresponding resolution-type—specific hub
region were significantly enhanced (Supplementary Figure S1 and
Supplementary Table S3): First, commonly in the V-resolution—spe-
cific and NV-resolution—specific networks, we observed significant en-
hancement in functional connectivity from the corresponding hub
region to the left inferior parietal regions. This result is consistent
with a series of previous studies showing that the inferior parietal
area is recruited in decision making (Daw et al, 2006; Seo et al.,
2009; Vickery and Jiang, 2009). Moreover, especially in the V-reso-
lution—specific network, the functional connectivity from the hub
region to the left triangular IFG also exhibited significant increase.
Based on findings reported in a line of previous studies (Foundas
et al., 1996; Badre et al., 2005; Saur et al., 2008), the functional con-
nectivity with the triangular IFG was recruited specifically in the V
resolution because the brain region is thought to be deeply related
to language-based cognitive process. These results of the whole-brain
PPI analyses indicate the necessity of future studies on how the present
resolution-type—specific networks are interacting with other brain
regions.

By using realistic movie stimuli with professional actors, the present
study experimentally captured the neural substrate similar to that
believed to underlie social judgments in real life. Most previous studies
presented subjects with written sentences rather than vocal informa-
tion of them, or with non-verbal information in the form of static
pictures, cartoons, silent movies or computer graphics (Eviatar and
Just, 2006; Wang et al., 2006; lidaka et al, 2010; Wittfoth et al,
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2010; Zaki et al., 2010; Klasen et al., 2011). The current study used
short movies in which trained professional actors displayed emotional
facial expressions while speaking a single negative or positive word
with expressive emotional prosody. These realistic video stimuli were
chosen to minimize the differences between the psychological task and
real-life social situations. This allowed us to experimentally examine
the neural basis of incongruity resolution that is close to automatic
resolution of incongruent social information in real-life environments.

However, it is also the case that the present psychological task
cannot exclude several confounding factors by itself because the
friend/foe judgments can be influenced by individual preference and
developmental history of each of the subjects. For example, the judg-
ments would be affected by in-group/out-group relationship and trust-
worthiness of the persons in the stimuli. In addition, according to
previous studies (Winston et al., 2002; de Quervain et al., 2004;
King-Casas et al., 2005; Hein et al., 2010), these factors are known
to influence the brain activity of the regions observed in the present
study. Therefore, although all the subjects in our present study and all
the actors in the movie stimuli belong to the same race and nationality
and seemed to be in the similar social class, further studies using dif-
ferent psychological tasks are necessary to examine whether or not the
present neural networks are specific to the verbal-non-verbal social
conflict resolution.

The present results indicate the functional dissociation between the
anterior and posterior dmPFC during resolution of conflicting social
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information. Previous studies have demonstrated that the brain area
around the ant-dmPFC found in the present study engages in conflict
processing and decisions in uncertain situations (Ridderinkhof et al,
2004), as well as in the monitoring of conflicting actions (Amodio and
Frith, 2006) and conflicting social information (Zaki et al., 2010;
Klasen et al., 2011). The brain area around the post-dmPFC has also
been shown to be involved in resolution of conflicting social informa-
tion (Zaki et al, 2010) or audio-visual incongruent information
(Klasen et al, 2011). In the present study, both of the regions played
regulatory roles, but the post-dmPFC had a resolution-type—specific
function, whereas the ant-dmPFC had a resolution-type—general func-
tion. This functional dissociation inside the dmPFC expands the pre-
vious findings on the role of the dmPFC during social conflict
resolutions.

Our study also revealed extensive interactions between the post-
dmPFC and other social cognitive regions during judgments for
others’ intention. The post-dmPFC has been suggested to have abun-
dant functional and anatomical connections with extensive brain
regions including social cognitive networks (Northoff et al., 2006;
Heuvel et al, 2008). Previous graph theoretical examinations
(Sporns et al., 2007; Hagmann et al., 2008) have suggested that efficient
processing in the neural network is promoted in structures interlinked
by hub regions such as the medial prefrontal regions. A previous fMRI
study on social conflict resolution also indicated that the post-dmPFC
interacts with other dmPFC regions (Zaki et al., 2010). The current
findings lend further support to the notion that the post-dmPFC plays
an essential role as a hub in the social cognitive network.

The present study expands previous knowledge on the differential
roles of the ventral mPFC (vimPFC) and dmPFC in processing social
information. We found that the vmPFC was strongly activated during
the processing of congruent stimuli, whereas the dmPFC was activated
during the processing of incongruent stimuli. Previous studies have
suggested that the vmPFC engages in self-referential mentalizing
(Rilling et al., 2002; 2004; Jenkins and Ranganath, 2010; Krienen
et al., 2010; Tamir and Mitchell, 2010), while the dmPFC is associated
with non-self-referential mentalizing and deeper objective reasoning
(Mitchell et al., 2006; Coricelli and Nagel, 2009; Shamay-Tsoory et al,
2009). Other studies indicate that, compared with the dmPFC, the
vmPFC tends to be activated during reward-based decision making
(Bush et al, 2002; Williams et al, 2004; Rushworth et al, 2005).
Taken together with these previous findings, the present results suggest
that the dmPFC plays a role in processing uncertain and complex
social information, whereas the vmPFC is involved in processing fa-
miliar and well-known social stimuli that enable subjects to predict
reward more easily than unpredictable and complex stimuli.

The current results also suggest different roles of the right dorsal and
ventral pIFG in the resolution of incongruent information: the dorsal
pIFG appears to be involved in non-verbal-information-biased reso-
lutions, while the ventral pIFG appears to be involved in verbal-infor-
mation-biased resolutions. These results thus extend the previous
understanding of the functional difference between these regions. In
language processing, the dorsal pIFG is thought to be involved in
phonological and articulatory processing (Morimoto et al, 2008),
while the ventral pIFG is involved in semantic processing (Thiebaut
de Schotten et al, 2005; Saur et al., 2008; Hagoort and Levelt, 2009;
Jimura et al., 2009). In the processing of social information, the dorsal
pIFG is thought to perform ‘mirror’ processing, whereas the ventral
pIFG is activated only during imitation, and not during observation
(Molnar-Szakacs et al., 2005; Iacoboni, 2009; Singer and Lamm, 2009).
Taken together with this previous evidence, the current results suggest
that the right dorsal pIFG is mainly involved in the processing of non-
verbal interpersonal information through mirroring others’ behavior
and emotion, whereas the right ventral pIFG is mainly engaged in
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processing verbal interpersonal information without mirroring others’
behavior.

The present results further suggest functional laterality of the pIFG
in social incongruity resolution. Previous studies have suggested non-
left dominancy in imitative behavior (Aziz-Zadeh et al., 2006) and a
significant role of the right pIFG in social behavior (Carr et al., 2003;
Yamasue et al., 2008; Yamasaki et al., 2010). The present results indi-
cate that non-verbal-cue-biased resolution for social judgment in-
volves the right pIFG rather than the left pIFG, in accordance with
the previous literature.

Overall, the present study depicted the detailed network structure
during resolutions of verbal/non-verbal incongruent social informa-
tion. In the neural network, the combination of correlational analyses
with behavior, PPI analysis and MVPAs suggest that the resolution-
type—general ant-dmPFC controls the two resolution-type—specific hub
regions (i.e. the post-dmPFC and right ventral pIFG), and the hub
regions might control their corresponding resolution-type—specific
neural networks. As suggested in neural networks related to resolution
of non-social conflicting information (Botvinick et al., 2001), this net-
work architecture is thought to realize efficient social judgments in the
presence of a large amount of conflicting non-verbal and verbal infor-
mation. We believe that these novel findings will contribute to the
understanding of the neural mechanisms underlying social cognition
in real-life situations.
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