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Abstract: The neurocognitive components of Theory of Mind reasoning remain poorly understood. In
particular the role of the posterior medial prefrontal cortex in the processing of other’s mental states
such as beliefs that are incongruent with one’s own knowledge of reality is not clear-cut. It is unknown
whether this region is involved in computing discrepant mental states or in subsequently resolving a
response conflict between the discrepant others” and one’s own beliefs. To test this, we adapted a false
belief paradigm for the separate inspection of functional brain activity related to (1) the computation
of diverging beliefs and (2) the subsequent consideration and selection of another’s or one’s own belief.
Based on statistical parametric findings from functional neuroimaging, we employed dynamic causal
modelling combined with Bayesian model selection to further characterize the interplay of resulting
brain regions. In the initial computation of diverging beliefs, the posterior medial prefrontal cortex
(pPMPFC) and the bilateral temporoparietal cortex were crucially involved. The findings suggest that
the bilateral temporal cortex engages in the construction and adjustment of diverging mental states by
encoding relevant environmental information. The pMPFC inhibits this stimulus-bound processing
which helps to compute discrepant mental states and process another’s false belief decoupled from
one’s own perception of reality. In the subsequent question phase the right temporoparietal cortex
showed increased activity related to switching to and reconsidering another’s beliefs in order to select
the correct response. Hum Brain Mapp 35:2950-2965, 2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Reasoning about others” and one’s own beliefs is a
sophisticated cognitive ability. This form of Theory of
Mind (ToM) reasoning becomes especially relevant when
another’s and one’s own beliefs about a situation differ.
For example, in Shakespeare’s Romeo and Juliet, we only
understand Romeo’s fatal reaction at the end of the play if
we understand that his behavior was based on the false
belief that Juliet had died. Although real life situations are
usually less dramatic, processing mental states that differ
from our own is essential for our everyday social life.
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For the investigation of the neural underpinnings of
processing incongruent mental states, two sources of evi-
dence are important. On the one hand, studies that aimed
to specify the neural processing of beliefs by using classi-
cal false belief tasks. On the other hand, neuroscientific
studies on visual perspective taking that addressed proc-
essing of another’s viewpoint which does not correspond
to one’s own viewpoint in a certain situation.

Neuroimaging studies that investigated belief reasoning
by using verbal stories or cartoons describing behavior
based on another’s belief revealed the involvement of the
bilateral temporoparietal cortex, including the temporopar-
ietal junction (TPJ), the posterior superior temporal sulcus
(pSTS) and adjacent middle temporal gyrus [MTG; Saxe,
2009; Dohnel et al., 2012; van der Meer et al., 2011]. It is
suggested that the temporoparietal cortex may be neces-
sary to maintain and switch between one’s own and
another person’s representation [cf, Hartwright et al.,
2012], thereby requiring attentional orienting from
stimulus-bound processing (e.g., reasoning about the state
of reality) to stimulus-independent processing [reasoning
about unobservable beliefs of others; Dohnel et al., 2012].

Currently, the role of the medial prefrontal cortex
(MPFC) in ToM reasoning remains unclear. Interpretations
range from the claim that the MPFC is a key region in
ToM reasoning [e.g., Frith and Frith, 2003] to the view that
it plays no crucial role [cf., Bird et al., 2004; Aichhorn
et al., 2009]. Based on findings from the first neuroimaging
studies on ToM reasoning, Gallagher and Frith [2003] sug-
gested that the MPFC underpins the decoupling mecha-
nism necessary to reason about another’s mental state that
does not correspond to one’s own perception of reality.
Contrary to this, unimpaired ToM reasoning in a patient
with a medial frontal lobe lesion led to the conclusion that
this region may not be necessary for ToM reasoning at all
[Bird et al., 2004]. A third viewpoint postulates that activ-
ity of the MPFC may be associated with ToM tasks, but
that this activity is not specific for ToM reasoning and
rather related to more general processing of information
about others, including for example their physical appear-
ance or internal states such as being hungry [Saxe and
Powell, 2006; see also Saxe, 2009].

Studies that specifically investigated the neural corre-
lates of false belief reasoning by using the object transfer
task [originally from Wimmer and Perner, 1983] suggest
that the posterior part of the MPFC (pMPFC, also referred
to as dorsal MPFC; extending into the dorsal anterior cin-
gulate cortex, dACC) might be involved in the decoupling
mechanism [Rothmayr et al., 2011; Sommer et al., 2007; cf.,
van der Meer et al., 2011; Dohnel et al., 2012]. The object
transfer task requires processing another’s false belief
about an object’s location. A critical feature here is that the
false belief of the protagonist about the object’s location
does not match with the participant’s knowledge about
the actual location of the object. This means the participant
has to process someone’s belief independently from his or
her own knowledge. Alternative false belief tasks using for

example verbal vignettes, contain a character’s false belief,
but do not involve the participant’s own perception of this
situation [cf., Saxe and Kanwisher, 2003; Bird et al., 2004;
Aichhorn et al., 2009]. Thus, in contrast to that, the object
transfer task saliently elicits a conflict between another’s
and one’s own belief about the same situation. The
PMPFC might engage in the processing of those conflicting
mental states.

However, the pMPFC’s role in false belief reasoning in
the object transfer task is not clear-cut. These tasks not
only require the computation of another’s belief that is
incongruent to one’s own knowledge about a situation.
Another aspect is to consider and select the correct belief
in order to give a response. The other’s and one’s own
mental state compete for response selection. Therefore it is
possible that the pMPFC activity observed in object trans-
fer tasks may be associated with cognitive control proc-
esses in response selection [cf., Botvinick et al., 2004;
Ridderinkhof et al., 2004; Venkatraman et al., 2009] and
not with belief computation or the decoupling mechanism.

In the domain of visual-perspective taking, such a dis-
tinction between a computation and a selection process
was shown [cf., Leslie et al.,, 2005; Qureshi et al., 2010].
Derived from findings of a visual-perspective taking para-
digm, two distinct phases and processes were suggested:
(1) in a computation phase another’s and one’s own view-
point are computed and represented. This process may be
linked to activity in the bilateral temporoparietal cortex
[McCleery et al., 2011]. (2) In an adjacent selection phase,
inhibitory processes related to activity in lateral frontal
cortices are proposed to prioritize and select one view-
point over the other [McCleery et al., 2011; Ramsey et al.,
2013].

These findings raise the question of whether functional
activity related to false belief reasoning can be specified
with respect to a belief computation and a belief selection
phase. Such a distinction would be of particular interest
for pMPFC activity: is it associated with the computation
of another’s false belief, presumably requiring a decou-
pling mechanism, or is it involved in dealing with a
response conflict and response selection, resulting from
the discrepancy between one’s own and anothers’ belief.
As assumptions about such a distinction can so far only be
based on findings from visual-perspective taking para-
digms, conclusions to the processing of diverging mental
states such as beliefs remain tentative.

In the present functional resonance imaging (fMRI)
study, we adapted a classical object transfer false belief
paradigm [Baron-Cohen et al., 1985] in a way that reason-
ing about one’s own and another’s belief could be concep-
tually separated into two phases: (1) in an initial story
phase, another’s belief about an object’s location had to be
computed. It was either congruent or incongruent to one’s
own knowledge about the situation. (2) In the following
question phase, one’s own or the other’s belief, either cor-
responding or diverging, had to be considered and
selected for response. In this manner we explicitly
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separated the processing of emerging discrepant beliefs
from the need to select one belief over the other.

We predicted that if the pMPFC is crucial for computing
incongruent beliefs, activity in this region should be
observed in the story phase when diverging beliefs had to
be processed. If the pMPFC is necessary to resolve a
response conflict to select among competing mental states,
this region should be more active in the question phase
when incongruent beliefs are already computed and one
has to be selected for response.

We were further interested in functional activity of the
bilateral temporoparietal cortex with respect to the compu-
tation and selection phase. Prior literature holds argu-
ments for both phases: McCleery et al. [2011] argued that
this region is involved in the computation and representa-
tion of visual perspectives. However, studies on neural
underpinnings of belief reasoning concluded that this
region might be involved in maintaining and switching
between one’s own and another’s representations [cf.,
Dohnel et al., 2012; Hartwright et al., 2012]. This process is
also relevant in the selection of the respective mental state.
We hypothesized that if the bilateral temporoparietal cor-
tex is related to the computation of beliefs, this region
would be active in the story phase. If the bilateral tempor-
oparietal cortex is involved in maintaining and switching
between mental states in order to select one mental state
over another, this region should show increased functional
activity in the question phase of the current paradigm.

A second aim of this study was to shed light on the
interaction of the pMPFC and temporoparietal areas
involved in false belief reasoning. Although a huge body
of research reports a remarkably consistent set of brain
regions [see Mar, 2011], the interplay of those regions in
ToM reasoning remains poorly understood. Based on find-
ings from conventional statistical parametric mapping
(SPM) of the current paradigm, we employed dynamic
causal modelling (DCM) combined with Bayesian model
selection (BMS) to characterize the effective connectivity of
resulting brain regions. Of particular interest was how
those brain regions interact when incongruent beliefs are
processed.

METHODS
Participants

Twenty-one subjects (mean age 23.3 years, SD=23.7
years; 12 females) took part in the study. All participants
were right-handed, had no neurological or psychiatric his-
tory and gave informed written consent. The University
Medical Center Regensburg ethics committee approved
the study.

Task and Procedure

The present task was based on the Sally-Anne paradigm
by Baron-Cohen et al. [1985]. To isolate the difference

between the protagonist’s and one’s own mental state, we
varied the following aspects compared to other false belief
tasks: first, instead of two characters, only one character
was used in the story. Second, in addition to asking for
the other’s false belief, we asked the subjects for their own
belief. In this way the participants were encouraged to
process the other’s mental state in contrast to their own
mental state. Each trial consisted of two phases (Fig. 1A):
in an initial story phase the character formed a belief that
was either incongruent or congruent with the participant’s
knowledge about the situation (incongruent-beliefs condi-
tion vs. congruent-beliefs condition). In a subsequent ques-
tion phase, subjects were either asked for the character’s
belief (other-incongruent vs. other-congruent) or their own
belief (self-incongruent condition vs. self-congruent condi-
tion). Cartoon still images and animated videos were pre-
pared using Adobe CS5.5 (Adobe Systems, San Jose, CA).

The story phase depicted a room with a boy standing
on a wooden floor. A dark-brown and a light-brown box
were on his left and right hand side, respectively. A base-
ment was underneath the wooden floor. Subjects were
instructed that what happens in this basement during the
video clip can only be seen by them, but not by the char-
acter. In the beginning of the video a ball fell from the ceil-
ing into one of the two open boxes and then the boxes
closed. After the boxes closed, two events simultaneously
took place. One event, which was not observed by the
character, involved the ball bouncing into the basement
through a hidden trap door. The other event, which was
observed by the character, was that the boxes switched
places. In the congruent-beliefs condition, the ball bounced
into the basement, bounced right back into the same box
where it had been before, and was transferred inside this
box to the character’s other side. Thus, at the end of the
video both the character and the subject had the same
belief about the ball’s location. In the incongruent-beliefs
condition, the ball also bounced into the basement, but
bounced back with a short time delay so that it did not
take part in the switch of the two boxes and thus re-
entered through the trap-door into the other box. In this
condition the character ends up with a false belief about
the objects’ location (assuming the ball was transferred
with the box it initially entered), diverging from the sub-
ject’s belief (knowing the ball was not transferred and is
now in the other box).

The video lasted for 4 s and was followed by a time-
varying fixation picture (2-4 s, Fig. 1B) which contained
the same scene including the two closed boxes. The char-
acter was replaced by a fixation cross. In the subsequent
question picture (2 s, Fig. 1C), the fixation cross disap-
peared and the participants had to reason in which one of
the two boxes the story character thinks the ball is (indi-
cated by the German word “Er?”, English: “He?”) or in
which box the participant thinks the ball is (indicated by
the German word “Ich?”, English: “I?”). Depending on the
video presented previously, reasoning about the charac-
ter's false belief (other-incongruent condition) or true
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Figure I.

Example trial and experimental design. (A) Story phase: A trial
started with the presentation of a 4-s long video, in which the
character either ended up with an incongruent belief (incongru-
ent-beliefs condition), or with a congruent belief (congruent-
beliefs condition) compared to one’s own belief about the ball’s
location (B) Fixation picture with jittered duration (2—4 s) (C)
Question phase: In this picture the subject had to respond

belief (other-congruent condition) was required. When the
subjects were asked for their own belief, it either diverged
from the character’s belief (self-incongruent condition) or
corresponded with it (self-congruent condition). Partici-
pants were instructed to respond as fast and as accurately
as possible. Reaction time was measured from the onset of
the question picture until a left or right response button
was pressed (LUMItouch optical response device; Photon
Control Inc., Burnaby, Canada). The trial ended with a sec-
ond fixation picture (5 s, Fig. 1D) showing a fixation cross
underplayed with scrambled pixels, matched to the prior
stimuli in color, contrast and luminance.

either according to the other’s belief (“Er?”), or the own belief
(“Ich?”) about the location of the ball. Depending on the prior
presented video the beliefs could either diverge or be congru-
ent. Response was given via button press (left or right) (D) The
trial ended with a second fixation picture, lasting for 5 s. Trials
from each condition were presented in an interleaved fashion.

To prevent habituation, the experimental trials were
intermixed with filler trials. The subjects were either asked
which of the boxes was light-brown (in German: “hell?”;
English: “light-brown?”) or which of the boxes was dark-
brown (in German: “dunkel?”; English: “dark-brown?”).
These filler trials were included to increase task demands
and avoid the predictability of the questions.

A total of 180 trials (30 trials per condition and 60 filler
trials) were presented in pseudo-randomized order. The
videos were controlled for type, number, order and lateral-
ity of events. Question pictures were identical across con-
ditions, showing solely the two closed boxes in the scene
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without social stimuli (boy was absent). Prior to testing,
subjects received a standardized instruction and completed
several test trials outside the scanner until they were
familiar with the stimuli. The software Presentation (Neu-
robehavioral Systems, Albany, CA) was used to present
the stimuli and record responses. The stimuli were pro-
jected onto a screen in the MRI that could be seen through
a mirror attached to the head coil. The subjects” head was
kept in position via foam padding.

Behavioral Data Analyses

We performed a 2 X 2 repeated measures analysis of
variance (ANOVA) using IBM SPSS statistics 20 (SPSS Inc.,
Chicago, IL). Within subject variables, considered person
(other vs. self) and congruency of beliefs (incongruent vs.
congruent) were considered. Reaction times (RTs) of cor-
rectly answered trials and response accuracy (percentage
of correct responses) were analyzed. The significance level
for the analyses was set at P <0.05.

Imaging and Image Analyses
Image acquisition

Scanning was performed on a 3-Tesla head scanner (Sie-
mens Allegra, Erlangen, Germany). Blood oxygenation
level dependent (BOLD) functional MRI was measured
using a T,-weighted echo-planar imaging (EPI) sequence
(TR=2s, TE=0.05 s, 90° flip angle, FoV =192 mm, plane
matrix 64 X 64, voxel size 3 X 3 X 3 mm?). Each EPI vol-
ume contained 32 axial slices. A total of 1,275 volumes
was acquired. Structural images included a Tj-weighted
MPRAGE (Magnetization Prepared Rapid Acquisition Gra-
dient Echo) sequence (TR=2.25s, TE=0.026 s, TI=09 s,
FoV =256 mm, voxel size 1 X 1 X 1 mm?, 160 axial slices).
The entire scan session lasted approximately 45 min.

Preprocessing and statistical analyses

All images were preprocessed and analyzed with SPM8
(Wellcome Department of Imaging Neuroscience, London,
UK), run in MATLAB 7 (The MathWorks, Natick, MA).
Differences in acquisition time between functional slices
were compensated by slice-time correction using the mid-
dle slice as a reference. Images were spatially realigned to
the first volume by rigid body transformation to correct
for head movements. After coregistration to the structural
T;-weighted images, data were normalized to the Montreal
Neurological Institute (MNI) standard space with a voxel
size of 2 X 2 X 2 mm’. Images were spatially smoothed
with a 8 mm full-width-at-half-maximum Gaussian kernel.

In this event-related design, all statistical analyses were
based on functional activity obtained from the whole brain.
A first-level fixed effects analysis was computed for each
subject with the general linear model [GLM; Friston, 1995].
The analysis focused on amplitude changes in the hemody-

namic response function (HRF) associated with the cogni-
tive processes of interest. For each condition correctly
answered, trials were modeled as a boxcar function with a
2 s interval convolved with the HRF [Friston, 1998]. In the
story phase the two regressors for the incongruent-beliefs
condition and the congruent-beliefs condition comprised
the last 2 s of the 4-s long video. The events in the video
were timed so that exactly after 2 s it became clear whether
the characters’ belief was incongruent or congruent to one’s
own belief. In the question phase, which started with the
onset of the question and lasted for 2 s, we modeled a
regressor for each of the four conditions of interest (other-
incongruent condition, other-congruent condition, self-
incongruent condition and self-congruent condition) and
the filler trials. Realignment parameters, a single covariate
representing the mean (constant) over scans, and a non-hits
parameter (incorrect responses and misses) were included
as regressors of no interest. The data were high-pass filtered
with a frequency cutoff at 128 s.

Statistical parametric maps (SPMs) were generated for
each subject by t-statistics derived from contrasts utilizing
the HRF [Friston et al., 2002]. To identify brain regions
associated with the processing of incongruent versus con-
gruent beliefs in the initial story phase, we contrasted the
conditions incongruent-beliefs versus congruent-beliefs.

In order to detect brain activity related to considering
and selecting incongruent beliefs that elicit a response
conflict in the subsequent question phase, we analyzed
the main effect of congruency of beliefs [(other-incon-
gruent + self-incongruent) versus (other-congruent + self-
congruent)]. Additionally, the main effect considered
person was calculated [(other-incongruent + other-congru-
ent) versus (self-incongruent + self-congruent)]. We were
further interested in an interaction effect between the con-
sidered person and congruency of beliefs [(other-incongru-
ent - other-congruent) > (self-incongruent-self-congruent)]
and vice versa.

For group analyses, the single-subjects’ first-level con-
trasts were taken to a second-level random effects analysis.
To explore whether common brain regions are associated
with processing incongruent beliefs in the story phase and
considering another’s beliefs in the question phase, we
computed a conjunction analysis [based on the Minimum
statistic compared to the Null Conjunction; Nichols et al.,
2005] on the contrasts (incongruent beliefs > congruent
beliefs) and [(other-incongruent + other-congruent) > (self-
incongruent + self-congruent)]. The resulting set of signifi-
cant voxel values for each contrast constituted a SPM map.
The SPM maps were thresholded at P <0.001, uncorrected.
Reported significant voxels survived a statistical threshold
of P<0.001, FWE (family-wise error)-corrected for multi-
ple comparisons on cluster level. Approximate anatomical
labels were assigned to significantly active regions using
the Anatomical Automatic Labeling toolbox [as described
by Tzourio-Mazoyer et al., 2002] for SPM. MRIcron (www.
mccauslandcenter.sc.edu/mricro/mricron/) was used to
visualize resulting activation maps.
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Dynamic Causal Modelling

To characterize effective connectivity from the observed
fMRI data, DCM10 implemented in SPM8 was used. DCM
allows inferring unobserved neuronal states from the
observed BOLD response [Friston et al., 2003; Stephan et al.,
2007]. Bilinear dynamic causal models (DCMs) can clarify
how a brain region influences another and how this is
modulated by task demands [cf., Friston et al., 2003; Ste-
phan et al., 2010]. The following parameters can be speci-
fied: (1) fixed connections among neuronal populations
reflect the effective connectivity in the experiment; (2) driv-
ing inputs describe the direct influence of experimental
stimulation on specific regions and (3) modulatory inputs
describe the change of strength of connectivity between
those neuronal populations, depending on experimental
conditions. Resulting neurodynamic and hemodynamic
parameters are estimated by predicting BOLD signals with
optimal fit to the observed BOLD signals. Subsequently the
estimated models can be compared using Bayesian model
selection (BMS) to select the model that is most likely
among the other defined models, given the data. This
method balances model fit and model complexity [Stephan
et al., 2009]. For the winning model. inferences about its
parameters can be made [cf., Stephan et al., 2010].

Selection of brain regions and time series extraction

We investigated the connectivity profile of three brain
regions: left and right temporoparietal cortex (left and right
pSTS/MTG) and pMPEC. Volumes of interest (VOIs) were
defined for each subject based on the following considera-
tions: (1) these regions showed the most robustly significant
increased activity on the group level in the contrast
incongruent-beliefs > congruent-beliefs from the story phase.
(2) A number of previous meta-analyses suggested that these
regions play a crucial role in ToM reasoning [Gobbini et al.,
2007; van Overwalle and Baetens, 2009; van Overwalle, 2009;
Mar, 2011]. Furthermore a recent analysis of effective connec-
tivity during perspective taking reported increased connec-
tivity between those temporoparietal regions and the MPFC
in a social context [Hillebrandt et al., 2013].

As the locations of activated brain regions vary across
subjects, functional and anatomical inclusion criteria were
defined to make models comparable across subjects [Ste-
phan et al., 2010; cf. Vossel et al., 2012; Ma et al., 2012]:
Time series from local maxima significantly activated in
single-subject analysis (P <0.05, uncorrected on cluster
level) were extracted which were closest to the corre-
sponding group maximum (for one right pSTS/MTG and
two pMPEC clusters that did not reach this level of signifi-
cance, the corresponding group coordinates were used).
We further ensured that single-subject activations be
within the same anatomical area as the group maximum,
as defined by the Anatomical Automatic Labeling atlas
[Tzourio-Mazoyer et al., 2002]. The mean MNI coordinates
(x,y,z; =SD) for the three regions were: left pSTS/MTG,

—53%5.7, —58+14, 12£5.7; right pSTS/MTG, 51 £84,
—-68*+13, 97, pMPFC, —3=*6.5, 1221, 62+15. The
first eigenvariate of activated voxels within 15 mm of
subject-specific maxima was extracted. In doing this we
addressed the difficulty of integrating large cluster sizes of
peak activations on the group-level and having high inter-
individual variability of the locations of significant activa-
tion while still accounting for comparability across subjects
[cf., Stephan et al., 2010; DiQuattro and Geng, 2011]. In
three subjects activations did not meet these criteria. These
subjects were excluded so that the final DCM analysis was
performed on the remaining 18 participants.

Definition of fixed connections

Sparse evidence of the connectivity of human brain
regions challenges the definition of fixed connections espe-
cially in DCMs of higher cognitive processes [Penny et al.,
2004]. Evidence from diffusion-weighted imaging tractog-
raphy and resting-state functional connectivity suggests
that regions of the posterior temporal/parietal cortex are
connected to the medial prefrontal cortex [cf., Mars et al.,
2011; Hagmann et al., 2008]. It was shown that structural
connections between posterior temporal cortices and
medial prefrontal areas in the macaque brain are recipro-
cal [Barbas et al., 1999]. Based on these findings we speci-
fied bidirectional endogenous connections between left
pSTS/MTG and pMPFC (left pSTS/MTG — pMPFC,
PMPFC — left pSTS/MTG), as well as between right
pSTS/MTG and pMPEC (right pSTS/MTG — pMPFC,
pPMPEC — right pSTS/MTG). Structural brain analyses
[Hagmann et al., 2008] support the notion that brain net-
works within temporal and posterior parietal cortical
regions are indirectly linked via connector hubs such as
the precuneus. We thus did not assume direct connections
between left and right pSTS/MTG in our DCMs.

Definition of driving inputs

Human as well as primate studies suggest that middle
temporal gyrus and posterior temporal regions integrate
information from multisensory input [Beauchamp et al.,
2004; Barnes and Pandya, 1992] and play a role in seman-
tic processing of this information [Visser et al., 2012] or
action observation [cf., Frith and Frith, 2003; Caspers et al.,
2010], for example. Given these findings we modeled
experimental stimulation from the story phase as driving
inputs to left and right pSTS/MTG. Because no a priori
assumption could be derived whether left pSTS/MTG,
right pSTS/MTG or both regions would receive exogenous
input, we defined three input families for each possibility
(left pSTS/MTG, right pSTS/MTG, BOTH).

Definition of modulatory inputs

Of particular interest was if and how effective connectiv-
ity changes during the incongruent-beliefs condition. In
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TABLE I. Mean reaction time and response accuracy in
the question phase, listed for each condition

RT (ms) PCR (%)
Condition M SD M SD
other-incongruent 838 240 97 43
other-congruent 726 197 99 1.7
self-incongruent 861 226 95 5.3
self-congruent 718 187 98 2.3

Notes: RT, reaction time; PCR, percentage of correct responses; M,
mean; SD, standard deviation.

other words, how do those regions interact when incongru-
ent beliefs have to be processed? Thus within each input
family, models with all possible variations of modulatory
input from the incongruent-beliefs condition were specified.
We allowed incongruent trials to influence connection
strength of either one, two, three or all four of the above
defined fixed connections. All possible combinations were
varied. This approach resulted in 48 different DCMs (16
DCMs per input family) which were fitted for each subject.

Bayesian model selection

To identify the optimal model we used random-effects
BMS to account for variability of effects across subjects
[Penny et al., 2004; Stephan et al., 2009, 2010]. This method
was applied in two steps: in order to reduce uncertainty
about driving input regions, we initially compared the
three defined input families [Penny et al., 2010; Stephan
et al, 2010]. Subsequently the models within the input
family with the highest posterior exceedance probability
were compared to determine the most likely DCM. To
construct a model that represents the winning model from
group-level BMS, we employed Bayesian parameter aver-
aging (BPA). By computing a joint posterior density across
all subjects, this method provides averaged parameters
which are representative of parameters from the individ-
ual winning model [cf., Garrido et al.,, 2007; Acs and
Greenlee, 2008]. This method weighs the influence of indi-
vidual subjects according to their within-subject variance.
In this way it is more robust against outliers compared to
classical approaches based on, for instance, ¢ statistics [cf.,
Neumann and Lohmann, 2003].

RESULTS
Behavioral Results

Mean RT and response accuracy for each experimental
condition are shown in Table I Regarding RT, the
ANOVA revealed a significant main effect of congruency
of beliefs, F(1,20)=30.27, P<0.001, ;= 0.602. RTs were
slower when incongruent beliefs (M =849 ms) had to be
considered, compared to considering congruent beliefs

(M =722 ms), regardless of whether one’s own or anoth-
er’s belief was requested. No effect of considered person,
F(1,20) =0.34, P =0.56, 115 =0.017, and no significant inter-
action between considered person and congruency of
beliefs, F(1,20)=1.94, P=0.18, 113 =(0.088, was observed.
The same pattern of results was observed for response
accuracy. The ANOVA showed a significant main effect
for congruency of beliefs, F(1,20)=8.41, P =0.009, 115:
0.296. Participants gave more correct responses when they
were asked for congruent (M = 98.3%) compared to incon-
gruent beliefs (M =95.9%). Neither the main effect of the
considered person, F(1,20)=1.23, P =0.28, ’75 =0.058, nor
the interaction between the considered person and congru-
ency of beliefs, F(1,20)=0.28, P =0.60, 1712, =0.014, were
significant.

Whole Brain Imaging Results
Story phase

In this phase of the trial, it became clear for the partici-
pants whether the character’s belief diverged from or cor-
responded to their own belief. However, the subjects did
not yet know whether their own belief or that of the
other’s would be asked about in the subsequent question
phase. In order to determine which brain regions are
engaged in the processing of emerging incongruent beliefs,
we contrasted the incongruent-beliefs with the congruent-
beliefs condition (see Table II, Fig. 2A). The contrast
revealed increased functional activity in the median/ante-
rior cingulate region (pMPFC/dACC; BA32), left and right
pSTS/MTG (BA19/37/39), left inferior frontal gyrus (IFG;
BA6/44), right inferior area, right superior parietal gyrus
(BA7), and left caudate nucleus and precental gyrus/fron-
tal eye field (FEF; BA6). In the reverse contrast, congruent-
beliefs condition over incongruent-beliefs condition, no
brain region showed significantly increased activity.

Question phase

To identify brain regions related to processing a
response conflict due to diverging mental states, we com-
pared the conditions asking for an incongruent belief to
conditions in which the character’s belief and the subject’s
own belief about the situation were congruent. Results
based on the full factorial design revealed no main effect
of congruency of beliefs. Furthermore, no main effect of
the considered person, or an interaction of a considered
person X congruency of beliefs was observable. We next
examined whether the direct t-contrast of conditions in
which the subjects had to consider the other’s belief com-
pared to conditions in which the subjects had to respond
according to their own belief would reveal significant
functional activity. This allowed us to identify brain
regions activated when considering another’s compared to
one’s own mental states (Table II, Fig. 2B). On a lowered
cutoff for FDR (false discovery rate)-corrected results
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TABLE Il. Significant clusters (Prwe-corr < .001, cluster level) of functional activity from the two test phases: (1)
story phase: peak activations associated with the processing of incongruent perspectives; (2) question phase: peak
activation associated with the selection of the other’s beliefs (other > self); (3) conjunction of story phase and ques-

tion phase: peak activations commonly associated with the processing of incongruent perspectives and the selection
of the other’s beliefs

MNI coordinates Cluster

Contrast/brain region Left/right BA X y z size® T-value®

(1) Story phase: incongruent beliefs > congruent beliefs

Left temporoparietal cortex: L 19/39 —46 —74 4 17325 16.85
Left pSTS/left MTG/
middle occipital gyrus

Right temporoparietal cortex: R 37/39 50 —64 8 10.16
Right pSTS/right
MTG/middle occipital gyrus
Superior parietal gyrus R 7 18 —80 50 10.09
Right caudate nucleus R - 18 26 2 695 5.94
Anterior cingulum R - 22 36 0 4.19
Left caudate nucleus L - -6 24 4 5.29
Precentral gyrus/FEF L 6 —36 -8 54 773 5.71
—46 —-10 52 5.50
—54 0 46 515
Median/anterior cingulate region/ pMPFC/dACC L 32 —4 24 34 1592 5.69
L 6/8 —4 10 58 5.68
R 8/32 14 24 38 5.59
IFG® L 6/44 —62 8 10 232 5.30
—60 14 4 4.52
—44 8 2 3.85
Inferior frontal area R - 24 4 30 646 5.10
28 -6 58 5.02
36 =10 62 4.98
(2) Question phase: other > self [(other-incongruent +
other-congruent) > (self-incongruent + self-congruent)]
Right temporoparietal cortex: R 39 44 —52 4 68 6.17
Right pSTS/right MTG/
middle occipital gyrus®
(3) Conjunction of story phase an question phase: (incongruent
beliefs > congruent beliefs) and [(other-incongruent +
other-congruent) > (self-incongruent + self-congruent)]
Right temporoparietal cortex: R 39 44 —52 4 95 5.74

Right pSTS/right
MTG/ middle occipital gyrus®

Notes: Labeling of Brodmann areas (BAs) is approximate. Brain regions highlighted in bold are of particular interest. pSTS, posterior
superior temporal sulcus; MTG, middle temporal gyrus; FEF, frontal eye field; IFG, inferior frontal gyrus.

“Number of activated voxels per cluster.

PPeak T-value in activated cluster.

“PEDR-corr = 0.004, cluster-level.

dpFDR_Corr = 0.23, cluster-level.

*PFDR-corr = 0.096, cluster-level.
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A. Story phase: incongruent beliefs > congruent beliefs

(a)
L I i

left pSTS/MTG

B. Question phase: other > self

pMPFC/dACC

(c)
i I R

right pSTS/MTG

Z-value: 4.0 B 5.0

C. Story phase and question phase:

(incongruent beliefs > congruent beliefs) + (other > self)

right pSTS/MTG

right pSTS/MTG

Z-value: 2.0 NN 4.0

Figure 2.

A: Processing of incongruent beliefs in the story phase: Whole-
brain fMRI group findings. Activation maps for the contrast
incongruent beliefs > congruent beliefs from the initial story
phase. Colored regions indicate significantly activated voxels
with Z> 4.0, ppwe-corr< 0.001, cluster level. All results are over-
layed onto a MRI brain template and are displayed in neurologi-
cal convention (L and R indicate left and right hemispheres). (a)
Rendered brain showing significantly activated voxels in the left
posterior superior temporal sulcus (pSTS)/middle temporal
gyrus (MTG). (b) Significantly increased functional activity of the
posterior medial prefrontal cortex including dorsal anterior cin-
gulate cortex (pMPFC/dACC). (c) Activity in the right pSTS/
MTG rendered on the lateral surface of the brain. B: Consider-
ing other’s beliefs in the question phase: Whole-brain fMRI
group findings. Activation maps for the contrast other > self

[(other-incongruent + other-congruent)  versus  (self-incon-
gruent + self-congruent)]. Colored regions indicate significantly
activated voxels with Z>2.0, prpr.corr = 0.23, cluster level.
Right temporoparietal cortex (right pSTS/MTG) showed
increased functional activity when subjects had to respond
according to the other’s mental state, irrespective whether it
was incongruent or congruent to the own belief. C: Activation
maps from the story and the question phase, overlayed onto a
single rendered brain: a part of the right temporoparietal cortex
showed increased activity in the contrast incongruent
beliefs > congruent beliefs from the story phase (indicated in yel-
low) and in the contrast other >self [(other-incongruent + -
other-congruent)  versus  (self-incongruent + self-congruent)]
from the question phase (indicated in blue).
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Figure 3.
Bayesian Model Selection (BMS) part |: comparison of input
families. Exceedance probabilities of each input family. The family
of models that received input to bilateral temporoparietal cor-
tex (left and right pSTS/MTG, BOTH) had the greatest evidence.

[PEDR-corr = 0.23, cluster-level; cf.,, Burnett et al., 2009],
increased functional activity in the right pSTS/MTG (BA
39) was observed for this contrast. In the reverse contrast
no brain region showed increased functional activity.

To check whether there was brain activity in the ques-
tion phase associated with the prior established context of
incongruent beliefs we additionally contrasted the filler tri-
als with incongruent context (incongruent beliefs in the
prior story phase) with filler trials with congruent context
(congruent beliefs in the prior story phase). In the question
phase of the filler trials the subjects had to consider the
colors of the boxes, regardless of the previous processing
of the other’s or their own belief. No brain region showed
a significant increase in functional activity in this contrast.
The context of incongruent compared to congruent beliefs
was not associated with differential functional activity in
nonmental reasoning in the filler trials. This indicates that
reasoning about the physical reality in the response phase
does not involve brain regions similar to those that were
found in considering and selecting another person’s
beliefs.

Common activity in the story and the question phase

The whole brain conjunction analysis of the contrasts (incon-
gruent beliefs > congruent beliefs) and [(other-incongruent +
other-congruent) > (self-incongruent + self-congruent)] showed
on a lowered cutoff for FDR-corrected results (Prpr-corr = 0.096,
cluster-level) commonly increased functional activity of a part
of the right pSTS/MTG (BA 39) associated with both the proc-

essing of emerging incongruent beliefs in the story phase and
considering the other’s belief to give the correct response in the
question phase.

DCM results

Whole-brain SPM analyses suggested an important role
of the left and right pSTS/MTG and the pMPFC in proc-
essing diverging mental states: those regions showed the
largest amount of activated voxels on the group level in
the contrast incongruent-beliefs > congruent-beliefs from
the story phase. DCM was used to specify the interplay
between those regions in this contrast. Based on functional
and structural criteria as well as evidence from previous
meta-analyses on neural bases of ToM reasoning and liter-
ature on brain structure, we defined 48 plausible DCMs.
This set was partitioned based on regions that received
driving inputs (left pSTS/MTG, right pSTS/MTG, BOTH).
A Bayesian model comparison was conducted in two
steps. Resulting exceedance probabilities can be found in
Supporting Information Table SI. In the first step, random-
effects BMS was employed to choose the optimal input
family. The family of models that received input to both
regions (BOTH) had the highest evidence (exceedance
probability ® =0.80; Fig. 3). In the second step, the 16
models within this winning family were compared. Those
models varied in the modulatory influence of incongruent
beliefs on fixed connections between left pSTS/MTG, right
pSTS/MTG and MPFC. In the random-effects BMS, one
model clearly outperformed all other models (exceedance

06

0.5

=4 o o
w w IS

model exceedance probability
o

0.1

'MOT MO2 M03 MO4 MOS MOS MO7 MO8 MOD MIO M11 M12 M13 M14 MIS M16
models within winning family (BOTH)

Figure 4.
Bayesian Model Selection (BMS) part 2: model comparison
within winning family. Exceedance probabilities of the 16 models
from the winning input family (BOTH). MI2 clearly outper-
formed all other models.
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story phase: BPA results

incongruent
beliefs
incongruent
beliefs pPMPFC
-1.638
temporoparietal
cortex:
left pSTS/MTG PR
temporoparietal
cortex:
right pSTS/MTG v oo
incongruent
beliefs

Figure 5.

Story phase: Bayesian Parameter Averaging (BPA) results. Repre-
sentative model averaged across winning models (M12) from
each participant. Small numbers next to dotted lines indicate
effective connectivity (endogeneous parameters) between
regions (left and right posterior superior temporal sulcus
(pSTS)/middle temporal gyrus (MTG); posterior medial prefron-

probability ® =0.51; model M12; Fig. 4). In this winning
model, the incongruent beliefs affected connection strength
of pMPFC — left pSTS/MTG, pMPFC — right pSTS/MTG
and left pSTS/MTG — pMPFC.

A representative model averaged across winning models
from each participant was built using BPA. The averaged
parameters revealed a low effective connectivity between the
modeled regions (see Supporting Information Table SII and
Fig. 5). However, this changed under the modulatory influ-
ence of the incongruent-beliefs condition. Positive intrinsic
connections pMPFC — left pSTS/MTG and pMPFC — right
pSTS/MTG became negative under the influence of negative
modulatory parameters. The negative intrinsic connection
left pSTS/MTG — pMPFC became more negative through
the modulatory effect (see Supporting Information Table SII
and Fig. 5). Posterior probabilities yielded high confidence
for all effects (P( | connection | >0.00) = 100%).

DISCUSSION

Reasoning about others” mental states, which do not cor-
respond to one’s own knowledge about the world is essen-

tal cortex, pMPFC). Under the modulatory influence of the
incongruent-beliefs condition (big bold numbers indicate modula-
tory parameters) the connections pMPFC—left pSTS/MTG and
pMPFC—right pSTS/MTG became negative. An increased inhibi-

tory effect was observed for the connection left pSTS/
MTG—pMPFC.
tial in social interaction and known as false Dbelief

reasoning [Frith and Frith, 2012]. This study aimed to
investigate the role of the pMPFC for this important social
cognitive ability. Of particular interest was whether the
pMPEC is involved in computing incongruent beliefs or
rather in resolving a response conflict due to another’s
belief that diverges from one’s own. We thus adapted a
false belief paradigm for the separate inspection of func-
tional brain activity related to (1) the computation of
diverging beliefs and (2) the subsequent consideration and
selection of another’s or one’s own belief being either
incongruent or congruent. In a second step we combined
DCM with BMS to characterize the effective connectivity
between the pMPFC and temporoparietal brain regions
when incongruent beliefs are processed.

Computing Incongruent Beliefs (Story Phase)

By contrasting the incongruent beliefs condition with the
congruent beliefs condition we intended to identify func-
tional activity related to the initial computation of incongru-
ent beliefs. When it became clear that another’s belief was
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diverging from one’s own belief, activity was observable in
the pMPFC/dACC which is in line with findings from ear-
lier studies on false belief reasoning [e.g., Vogeley et al.,
2001; Grezes et al., 2004; Sommer et al., 2007; van der Meer
et al., 2011; Dohnel et al., 2012]. However, those previous
studies cannot answer the question whether the pMPFC is
involved in computing diverging beliefs or rather in resolv-
ing the resulting conflict by response selection, as could be
argued based on parallel findings from stroop paradigms
[see e.g., Venkatraman et al., 2009].

In the story phase of the present experiment, partici-
pants did not know if they would be asked for their own
belief or the belief of the story protagonist. Thus at this
time they did not have to resolve a response conflict and
select one belief at the expense of the other. Observing
PMPEC activity as early as in the story phase and not in
the subsequent response phase suggests that this region is
involved in the computation of diverging beliefs rather
than in resolving a response conflict and selecting a
response. This pattern of results is supported by recent
findings on cognitive control in an adapted go/no-go task
[Schulz et al., 2011]. To separate response selection from
preparatory processes, a cue which indicated the location
of the following go/no-go stimulus preceded the target.
Surprisingly, activity in this region was not observed dur-
ing the target phase related to response selection, but
rather during the cue phase related to preparatory cogni-
tive processes irrespective of the latter response. The
results of the present study indicate that in belief reason-
ing, the primary role of the pMPFC appears not to be con-
flict resolution via the selection of one belief over another
but rather to compute incongruent mental states, a process
which may be essential for the decoupling mechanism.

Computing another’s discrepant belief in the story phase
was also associated with activity in the left and right tem-
poroparietal cortex. This region was previously linked to
reasoning about another’s mental state [cf., Castelli et al.,
2000; Schultz et al., 2003; Lombardo et al., 2010; Mar, 2011;
van der Meer et al., 2011] and seems to play an important
role in the processing of mental states that can be deduced
from perceived actions [cf., Gobbini et al.,, 2007]. In the
story phase of the present paradigm it was very important
that the participants concentrated on the ball (did the ball
jump back into the box before the boxes switched or did it
jump in the other box after the position change of the
boxes?). Based on the observed information, the partici-
pants had to update their own internal models of the
world with respect to what they see and know and with
respect to what the protagonist sees and knows. Whereas
in the incongruent beliefs condition the action of the ball
led to diverging mental models (the own belief in contrast
to the other’s false belief), the mental models in the con-
gruent condition were the same for the participant and the
protagonist. The activity of the bilateral temporoparietal
cortex, associated with the computation of incongruent
beliefs, may reflect the updating of mental models due to
the changes in the situation.

This assumption is supported by the observed activity
in the left inferior frontal gyrus (IFG) associated with the
processing of diverging beliefs. Based on the character’s
visual access, his belief about the location of the ball had
to be computed. For visual-perspective taking, it was
recently shown that lateral frontal cortices are involved in
selecting one’s own as well as another’s viewpoint
[McCleery et al., 2011; Ramsey et al., 2013].

Effective Connectivity during the Computation of
Incongruent Beliefs

To characterize the interplay of the pMPFC and bilat-
eral temporoparietal cortex during the computation of
incongruent beliefs in the story phase, we employed
dynamic causal modelling combined with Bayesian
model selection. In the resulting optimal model, the
bilateral temporoparietal cortex (left and right pSTS/
MTG) received driving input from experimental stimula-
tion. When incongruent beliefs had to be computed, the
strength of connections from the pMPFC to those tem-
poroparietal regions increased. This is similar to recent
findings by Hillebrandt et al. [2013], who reported influ-
ence of the superior dorsal MPFC to the left temporo-
parietal cortex in the presence of a social cue that
invites for ToM reasoning. In the present paradigm,
when incongruent beliefs had to be computed, activity
of the pMPFC inhibited activity in temporoparietal corti-
ces. Under the modulatory influence of incongruent
beliefs, the connections pMPFC—left pSTS/MTG and
pMPFC—right pSTS/MTG became negative, leading to
reduced activity of the left and right pSTS/MTG. This
fits well with prior observations that the pMPFC exerts
goal-directed top-down influence [cf., Dosenbach et al.,
2006; Schulz et al., 2011]. Also, a recent meta-analysis
highlighted that the connections from this region to the
temporoparietal cortex are dedicated to top-down-driven
processing in social cognition [Bzdok et al.,, 2013]. Fur-
thermore, Schulz et al. found in a psychophysiological
interaction analysis that activity in this region was nega-
tively correlated with activity in afferent regions of, for
example, primary visual areas or the MTG. It was sug-
gested that this relationship might reflect the inhibition
of potential sensorimotor input. Activation of the
PMPEC related to false belief reasoning was previously
interpreted in terms of stimulus-independent processing
[Sommer et al., 2007; Dohnel et al.,, 2012]: the other’s
false belief about the object’s location has to be proc-
essed independently of the real location of the object
(the own belief). In the current study the left and right
pSTS/MTG may engage in the construction and adjust-
ment of one’s own and another’s mental models based
on relevant sensory input. When another’s belief
becomes false and no longer corresponds to the state of
reality, stimulus-independent processing becomes neces-
sary. This could be associated with activity in the
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pMPFC, which inhibits the left and right pSTS/MTG in
order to compute another’s false belief, decoupled from
reality and the own perception of the situation.

It is important to note that the computation of incongru-
ent beliefs, in which the pMPFC exerts inhibitory influ-
ence, presumably entails at least two distinct cognitive
operations: an encoding phase, in which the other’s and
one’s own belief are generated, and a decoupling phase
where those two diverging beliefs have to processed sepa-
rately. The current design and temporal restrictions of
fMRI do not allow distinguishing these processes. The
present DCM analysis showed that the pMPFC inhibits the
temporoparietal cortex, which received driving input from
sensory stimulation, when beliefs were incongruent. In the
light of this finding we propose that the pMPFC is not
engaged in the initial encoding of beliefs, based on sensory
input. It is rather active when a discrepancy between the
other’s and one’s own belief is evident. Through the inhi-
bition of stimulus-bound processing in temporoparietal
regions, the pMPFC enables the decoupled processing of
incongruent mental states. Further work is needed for a
more fine-grained distinction between such two phases.
As research on visual-perspective taking has shown,
event-related potential paradigms can be a promising
approach to address this issue [cf., McCleery et al., 2011].

These considerations regarding distinct subprocesses in
the computation of incongruent beliefs give rise to a cau-
tious interpretation of the detailed role of the left pSTS/
MTG in this phase. We found that when it turned out that
the other’s and one’s own belief were diverging, the nega-
tive intrinsic connection left pSTS/MTG—pMPFC became
more negative. This modulation of the connection from the
sensory-input-receiving pSTS/MTG to the pMPFC may
reflect the role of the pSTS/MTG in signaling the discrep-
ancy between beliefs to the pMPFC. Two sources in the lit-
erature fit this notion: In studies on visual-perspective
taking and ToM reasoning (referring to a slightly more
dorsal region of the temporoparietal cortex) the idea was
brought up that the left temporoparietal cortex registers
and indexes perspective differences [Aichhorn et al., 2006;
Perner and Aichhorn, 2006; McCleery et al., 2011]. Further-
more two recent studies [Saygin et al., 2012; Hillebrandt
et al., 2013] suggested that the left temporoparietal cortex
(referring to an activation in the pSTS/MTG, close to the
one observed in the current study) exerts bottom-up influ-
ence in the context of unexpected sensory information. A
tentative interpretation of the current DCM findings is that
an expected state could be “in the same situation another
person is likely to perceive the world just as I do”. If sen-
sory information does not match this expectation (“Mine
and the other person’s perceptual access to the situation
are diverging”), the left temporoparietal cortex signals this
perspective difference to the pMPFC, which in turn ini-
tiates stimulus-independent processing through the inhibi-
tion of bilateral temporoparietal cortex and thus enables
the decoupled processing of incongruent mental states.
Future studies have to test this for a better understanding

of the functional and temporal profile of the interplay of
those regions during false belief reasoning.

Considering and Selecting Another’s Belief
(Question Phase)

In the question phase, subjects had to consider and
select the previously encoded own or other’s belief in
order to give a correct response. Increased functional brain
activity was observed contrasting the conditions in which
the other’s belief had to be considered (other-incongruent
and other-congruent) with the conditions in which subjects
were asked for their own belief (self-incongruent and self-
congruent). Interestingly, the only brain region that
showed increased functional activity in this contrast was a
part of the right temporoparietal cortex, which is consist-
ent with prior findings showing increased activity in this
region for reasoning about another’s in contrast to one’s
own mental state [Lombardo et al., 2010]. The differential
activity of the temporoparietal cortex between processing
another’s and one’s own belief contradicts assumptions by
Legrand and Ruby [2009]. The authors proposed that
activity in this region should not be affected by the type of
belief, but rather by other task demands such as varying
inferential processing or memory recall. However, those
alternative factors were carefully controlled in the present
study. Current findings tentatively suggest that the right
temporoparietal cortex is particularly involved in process-
ing another’s mental state.

A conjunction analysis revealed that this subregion of
the temporoparietal cortex showed also increased func-
tional activity in the prior story phase (contrasting incon-
gruent beliefs > congruent beliefs). Cabeza et al. [2012]
highlighted that activity in this area is observed in multi-
ple cognitive paradigms, related for example to attentional
processes [Corbetta et al, 2000] or episodic memory
retrieval [Wagner et al., 2005]. Cabeza et al. proposed a
bottom-up attention hypothesis and argued that activity in
this region related to attentional capture is not only eli-
cited by stimuli in the environment, but also by internal
information encoded in the memory. Viewing the current
findings in the light of this hypothesis, we argue that in
the story phase activity of the right temporoparietal cortex
reflects the construction and adjustment of diverging men-
tal models by encoding relevant environmental informa-
tion. In the question phase the right temporoparietal
cortex is involved in switching to and reconsidering the
previously encoded mental model of the other in order to
select the correct response.

CONCLUSION

We used conventional statistical parametric mapping
and dynamic causal modelling in an adapted false belief
paradigm to specify the neurocognitive components of
ToM reasoning with respect to the two phases of (1)
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computing incongruent beliefs and (2) considering and
selecting either one’s own or another’s belief in order to
give a response. Our findings suggest that the pMPFC and
the bilateral temporoparietal cortex are crucially involved
in the initial computation of diverging beliefs. The bilateral
temporoparietal cortex may play a role in the construction
and adjustment of mental models based on relevant sen-
sory information in the environment. If another’s belief is
incongruent to the state of reality and one’s own knowl-
edge about a situation, the pMPFC might intervene in this
process through the inhibition of activity in the bilateral
temporal cortex and the suppression of stimulus-oriented
processing. In this way it becomes possible to compute
discrepant mental states and process another’s false belief
decoupled from one’s own knowledge of the reality. In the
subsequent selection of the relevant belief the right tem-
poroparietal cortex might play a special role in switching
to and reconsidering another’s belief.

The current findings may help to generate explanations
of continuing development of ToM reasoning during late
childhood and adolescence long after the concept of false
belief reasoning is established [Dumontheil et al., 2010;
Vetter et al.,, 2012]. Besides substantial structural brain
changes from late childhood to adulthood [e.g., Giedd,
2004; Mills et al., 2012] both the MPFC and the temporo-
parietal cortex show a developmental alteration of func-
tional activity related to ToM reasoning [Moriguchi et al.,
2007; Sommer et al., 2010; Meinhardt et al., 2011, Dumon-
theil et al., 2012; Gweon et al., 2012]. The question that has
yet to be answered is whether these changes in functional
activity reflect the maturation of the neural network
underpinning ToM reasoning or whether they reflect a
developmental change in cognitive processes constituting
ToM reasoning per se [Blakemore, 2008; Burnett et al.,
2011]. The investigation of qualitative and/or quantitative
developmental changes in connectivity profiles between
brain regions involved in ToM reasoning is a promising
approach to address this question [cf., Burnett and Blake-
more, 2009]. With regard to the current task, it might be
the inhibitory influence of the pMPFC on the temporopar-
ietal cortex, which is central to decoupling other’s mental
states, and still continues to develop during late childhood
and adolescence.
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