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Representation of others' actions and mental states leads to the activation of several brain networks: the
mentalizing and the “mirror neuron” systems as well as a “low level” social perception component. However,
respective activations of the regions belonging to these networks remain unknown with respect to
chronometrical data when static drawing stimuli are presented. To determine anatomical and temporal
characteristics of theory of mind processes, magnetic signals were measured in 21 subjects during a validated
nonverbal attribution of intentions task. Minimum norm estimation provides chronometric and localization
data showing that regions known to be involved in the mentalizing, “mirror neuron” and social perception
networks have simultaneous activations between 100 and 700 ms post-stimulus, a period which may be
thought as corresponding to early stages of social processes. Among some regions, different profiles as well as
modulations regarding experimental conditions suggest functional distinctions between these structures,
pleading for a cooperative nature of these networks. While the left temporo-parietal area and superior
temporal sulcus seem more specialized in social cues coding, we demonstrate that their right homologues, as
well as the right inferior parietal cortex, are preferentially recruited during attribution of intentions stimuli
compared to scenarios based on physical causality from 200 to 600 ms.
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Introduction

Social cognition encompasses the processes contributing to our
ability to understand and interact with others. One of the most
important and complex strategies used by people to represent and
predict others' behavior consists in raising hypotheses on their
putative mental states, a capability called “theory of mind” (ToM) or
“mentalizing”. It is widely acknowledged that ToM relies on a brain
network whose extension has increased with new findings but which
is still distinct from other forms of cognitive processes such as
executive functions. A large proportion of studies based on mental
state attribution paradigms (i.e. based on comparison of conditions
with mental states inferences with non-mentalist conditions) reports
activations in temporo-parietal junction (TPJ) and the anterior part of
the paracingulate cortex (aPCC, also called medial prefrontal cortex),
with a notable contribution of the right hemisphere (for reviews, see
Brunet-Gouet and Decety, 2006; Frith and Frith, 2006; Van Overwalle,
2009). This network is referred to as the mentalizing system.

Another set of regions is implicated in “recognizing the goal of a
perceived action by matching it to a representation in our memory of
our own actions” as reviewed by Van Overwalle and Baetens (2009).
This network may be called the “mirror neuron” system (MNS) by
reference to findings of specific neurons that responded to both the
observation of simple hand movements and the initiation of a similar
movement in macaque monkeys (Rizzolatti et al., 1996). The human
MNS encompasses the inferior parietal sulcus (IPS), inferior parietal
lobule (IPL) and inferior frontal cortex (IFC) (Rizzolatti and Craighero,
2004). TheMNS has been shown to respond to human agents in action
(Montgomery et al., 2007) and to the intention of an observed action
(Iacoboni et al., 2005). In the present study, such an anatomical
distinction of functional networks will be used and referred to as the
“MNS regions”.

Finally, the posterior part of the superior temporal sulcus (pSTS) is
also reported to be activated in biological motion perception (see
Allison et al., 2000 for a review;Materna et al., 2008) and, especially in
the right hemisphere, in intentional action understanding (Pelphrey
et al., 2004; Pelphrey and Morris, 2006; Saxe et al., 2004).
Interestingly, Proverbio and collaborators found significant activa-
tions in the pSTS, as well as in the MNS, even when photographs of
human characters were used as stimuli (2009). From these different
results, it may be hypothesized that the activation in the MNS regions
reflects a low-level processing allowing a mapping of others' behavior
on our own action repertoire whereas the mentalizing system
involves a high-level inferential mechanism.

However, the contribution of these different systems and their
interactions during social cognition remain unclear. Van Overwalle
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and Baetens (2009) note the lack of “evidence about precisely how
these two systems [mentalizing and MNS] may cooperate and inform
each other”. Methodologically speaking, the vast majority of neuroi-
maging studies has explored brain correlates of ToM with either
positron emission tomography (PET) or functional MRI (fMRI). These
techniques are powerful to localize brain responses and to bring into
light the influence of conditions on the amplitude of activations using
experimental designs based on cognitive subtraction. However,
temporal resolution is limited to seconds and does not allow finding
at which stage each brain system intervenes which is a crucial
information to the current debate on the functional relations between
these systems.

To overcome these limitations, in the present study we propose
the use of magnetoencephalography (MEG) which benefits from an
excellent .8 ms resolution while maintaining a centimetric precision.
It is necessary to note that in ToM domain, no data on the
characteristics of MEG signals and the efficient way to adapt
paradigms are available yet. In a step by step approach, we chose to
use a task previously validated (Brunet et al., 2000) and replicated in
neuroimaging conditions (Ciaramidaro et al., 2007; Völlm et al., 2006;
Walter et al., 2004) and pathology assessment (Benedetti et al., 2009;
Brunet et al., 2003; Walter et al., 2009). These earlier studies showed
that this task based on comic-strips, requiring attribution of intentions
to human figures, elicited robust hemodynamic and metabolic
responses in several regions commonly reported in ToM literature
such as the right aPCC, pSTS, temporal pole (TP), orbito-frontal cortex
(OFC), bilateral TPJ and right IFC. Furthermore, the procedure used
allowed varying the nature of the logical inferences by contrasting
sequences with intentions (AI), sequences with human characters
involved in physical events (PCCH), and sequences only depicting
objects (PCOB). Here, MEG signals were recorded while subjects were
presented with a similar material. Minimum norm algorithm was
used in order to provide localization information (Baillet et al., 2001).

Having laid theses methodological bases which improve the level
at which we can examine brain activity, several questions and
hypotheses were raised and implemented experimentally:

#1: Attribution of intentions (AI) to others, as a core component of
ToM, is based on inferences about mental states leading to
measurable activations in the mentalizing network, including
the TPJ and the aPCC, preferentially in the right hemisphere. AI
will elicit stronger activations in these regions compared to
stimuli depicting physical causality with human characters
(PCCH).

#2: Does the observation of static and symbolic series of drawings
involving attribution of intentions to characters in action elicit
activations within all or parts of the MNS regions? As
participating to a low-level non-inferential mechanism to
represent and understand others, MNS regions, if activated,
should precede that of the mentalizing system as defined in #1.

#3: Mentalization from observation of visual sequences requires
fast detection and extraction of social cues related to the
presence of human characters. Activity should be found in
bilateral pSTS with a cumulative effect of characters and
intentions, especially in the right hemisphere. From other
authors (Hirai et al., 2003; Jokisch et al., 2005), we expect that
the pSTS activation occurs before 300 ms post-stimulus.
Material and methods

Subjects

Twenty-one healthy volunteers (14 males), aged from 21 to
40 years old (mean age: 28; sd: 5.74), right-handed, native French
speakers with normal or corrected to normal vision were included. All
of them gave their informed consent in agreement with the French
Ethical Committee (Comité de Protection des Personnes).

Task

The material consisted of 74 comic-strips each made of four black
and white pictures. The images were extracted from previous works
(Brunet et al., 2000), cropped and simplified (some graphic details
were removed) to maintain subject's attention on the center of the
images in order to reduce eye movements. The paradigm was
modified to fit with a sequential presentation of the stimuli that
allowed extracting time courses locked to pictures presentation. Each
comic strip (or trial) consisted of four pictures appearing in a short
succession on a white screen placed 1 m in front of the participants
(visual angle=10°). Subjects were required to answer on a two-
button pad (right hand) whether the fourth picture was a logical
ending of the sequence or not. Each of the first three pictures were
presented for 2500 ms. The fourth picture was surrounded by a red
border to facilitate its identification and was shown until the subject
provided an answer or for a maximum of 4000 ms. Pictures were
separated by a blank screen of random duration (between 300 and
500 ms). A fixation-cross appeared at the center of the screen during
1000 ms between trials to focus subject's gaze and minimize eye-
artifacts. A schematic representation of the design is given in Fig. 1.

Three experimental conditions were proposed in order to vary the
type of causality (i.e. intentional vs. physical) and the presence of
characters (i.e. presence of human figures vs. presence of objects
only): 1) attribution of intention (AI), 2) physical causality with
characters (PCCH) and, 3) physical causality with objects (PCOB, i.e.
without characters). In the AI condition (34 trials), participants saw
short comic strips depicting one (or two) character whose behavior
was driven by a specific intention. In this condition, participants had
to infer the agent's intention to understand the scenario. In order to
make sure that participants adopt an intentional stance in this
condition, they were instructed to determine whether the last picture
of each scenario was congruent or not regarding characters' goals.
Fig. 2 gives an example of an AI comic-strip. In PCCH and PCOB (20
comic-strips each), only physical andmechanical properties of human
bodies or objects were involved in the causality and no mental state
attributionwas promoted. To avoid biases due to the different number
of stimuli in AI and physical causality conditions, 20 AI comic-strips
were randomly selected among the 34 andwere used for comparisons
between AI and the two other conditions.

Before beginning MEG recordings, participants performed a short
training task of 10 trials. Then, they were administered in separate
sessions either the AI or the physical causality comic-strips. The
physical causality session contained an equal proportion of PCCH and
PCOB comic-strips, randomly presented. The whole material was
presented twice. The order of comic-strips within a session as well as
the order of the session type (intentional or physical causality) and
the congruity of the fourth picture was counterbalanced across
subjects. During the task, we recorded the subjects' responses using
E-prime software (www.pstnet.com) to check their proportion of
correct responses.

MEG recording

Magnetic event-related signals were recorded with a CTF Omega
151 apparatus (CTF Inc., Vancouver) at the MEG Center, Hôpital de la
Pitié-Salpétrière (Paris, France). This system allows simultaneous
recording of 151 MEG channels covering the whole head. The signals
were continuously recorded and were digitized on-line at a 1250 Hz
sampling rate with a 200 Hz low-pass filter. 3D head referential was
defined using three magnetic coils attached to three anatomical
landmarks, i.e. nasion and preauricular points. Locations of these coils
were checked before each recording session to measure the subject's
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Fig. 1. Design of a comic-strip presentation. Each comic-strip contains 4 images presented successively. Each image is displayed for 2500 ms and separated from the next image by a
blank screen of variable duration (from 300 to 500 ms). Image 4 is either congruous or incongruous (counterbalanced) with respect to the three preceding images. Subjects have to
indicate on a two-button pad whether the 4th image is congruous or not. Image 4 disappears with the subject's answer and is presented for a maximum of 4000 ms. Each comic-strip
is separated from the other by a fixation cross presentation during 1000 ms. The first three images are merged for subsequent evoked MEG signal analysis.
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head position relative to the magnetometer. Heart activity was
recorded using two electrodes placed around the collarbone and the
lower abdomen and electrical potentials generated by eyemovements
were recorded with four electrodes placed around the right eye.

MEG signals processing

MEG artifacts induced by heart activity was corrected on each
channel using linear regression. The raw MEG signals were filtered
off-line with a .4–35 Hz band-pass filter. Each trial was reviewed by
the experimenter (DV) and those contaminated by eye-movement
artifacts were removed. Eight subjects out of 29, who had more than
50% of signal removed this way, were excluded from the study. To
avoid contaminations by decision and motor-preparation, processes
which could occur during the fourth picture presentation, we
processed evoked magnetic signals of the first three pictures (signals
of the fourth pictures were not analyzed here). Time origin was set to
pictures' onset and the baseline corresponded to the preceding
200 ms.

Localization of the neural generators was performed using a
linear minimum norm algorithm implemented in BrainStorm
(http://neuroimage.usc.edu/brainstorm). White and grey matter
segmentation was performed on the MNI standard brain (Montreal
Neurological Institute), providing the white/grey matter interface.
Cortical surface was decimated to 15,000 sources evenly distributed
on this surface, i.e., at each node of the cortical tessellation. Sources'
orientation was constrained perpendicularly to the white/grey
matter interface. This cortical surface served as the solution space
for the estimated current generators, constraining the MEG solutions
to the white/grey matter interface. Source estimation was performed
Fig. 2. Example of an AI (attribution of intention) comic-strip. During the first three images, s
correct response during the 4th image. In this example, subjects have to infer the characte
using a spherical homogenous conductivity head model. Source
localization analysis was transformed into each subject's head
coordinate system using the three coils' positions. Minimum norm
approach was used as described in Baillet et al. (2001), to estimate
the respective contributions of sources to the recorded evoked
magnetic signals (inverse problem) at each time step during the
−200 to +1000 ms time window.

Selection of regions of interest

Averaged z-maps in the three conditions were used to define a set
of regions of interests (ROIs) allowing a dramatic reduction of
statistical comparisons. To distinguish evoked signals from noise,
time-series of each source were normalized into z-scores with regard
to the mean and standard deviation estimated from the baseline
epoch. This analysis was performed for each subject and for each
condition, and then averaged into z-maps across subjects, for each
condition. We ensured the independence between ROIs selection and
ROIs comparisons between conditions. To avoid any bias, ROIs were
defined on the common activity across all conditions, i.e., the averaged
data of AI, PCCH and PCOB. Each ROI had a spherical shape constrained
by the cortical surface and consisted of 20 reconstructed sources,
centered on a local maximumof activation, that had averaged z-scores
superior to 4 for more than 10 ms.

Statistical analyses

Time-courses of each ROI were then extracted from raw data
(non-normalized) for each condition and subject, leading to one
time-course per ROI, per condition and per subject. We performed
ubjects have to construct a representation of the character's intention in order to give a
r's intention: to hang something (the picture) on the wall.

http://neuroimage.usc.edu/brainstorm
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two types of analyses. First, we focused on the relative activation
amplitude of each region according to the experimental conditions.
As mentioned previously, the number of stimuli was not equal in AI
versus PCCH and PCOB conditions, so the number of trials in AI was
reduced to 20 so that conditions were equilibrated. Averaged
magnetic activations were computed with a temporal resolution
reduced to 50 ms epochs (62 samples per epoch), between 200 and
600 ms post-stimulus. Two comparisons were performed with a
paired permutation test not assuming a specific distribution of data:
AI versus PCCH (intention effect) and PCCH versus PCOB (character
effect). Alpha risk was set to .001 to avoid type-I errors due to
multiple comparisons. We also report results at a less stringent
threshold (.05) as they may also be relevant and make sense.

Second, we focused on the chronometric properties of activities
in the AI condition (raw data). Two characteristics of evoked brain
responses were extracted for each couple of subject and ROI: 1) the
latency of the peak of activation, 2) the latency at which magnetic
signal reached 50% of its maximum amplitude (we will refer to this
latency as FWHM latency). To reduce noise effect on these
measures, latencies were computed from Gaussian functions that
were fitted on the subjects⁎ROI time-courses (i.e. unconstrained
derivative-free norm minimization with four variables on functions
y (a, mu, sigma, y0)=a⁎Normal Function (mu, sigma)+y0). The
algorithm was set to reject automatically bad fits (i.e. negative
going bell curves, or estimated latency outside the 50 to 1000 ms
time-window, or absence of convergence). Effects of ROIs (those
reported in Table 1) on the latencies were tested using one-way
ANOVAs. In addition, hypotheses-driven ANOVAs were performed
to compare latencies of regions belonging to ToM, MNS networks as
well as pSTS within each hemisphere. Two factors were entered in
the model: 1) hemisphere: right vs. left, 2) group of ROIs: TPJ vs. aPCC
vs. IPL-IPS vs. pSTS.

Results

Participants completed the task with a mean accuracy of 91.5%.
The accuracy for the AI condition reached 90.2%, while the PCCH and
PCOB conditions reached 90.4% and 94.1% respectively. A one-way
ANOVA showed an absence of condition effect (F(2;54)=2.03,
Table 1
AI network localizations, chronometry and modulation by condition. (A) ROIs names. (B) T
(sd) of FWHM latencies in milliseconds. (D) Mean and standard deviation (sd) of peak la
amplitude. (G) Time intervals of significant differences (pb .05).

A/ROIs B/Talairach coordinates C/FWHM latencies
in AI condition (sd)

D/Pe
in AI

x y z

Temporal lobe
R pSTS 44 −53 13 244 (80) 450 (
L pSTS −63 −39 15 247 (74) 397 (

Frontal lobe
R aPCC 7 36 17 205 (64) 396 (
L aPCC −10 41 6 272 (142) 415 (
R OFC 20 23 −11 268 (228) 395 (
L OFC −18 15 −17 277 (144) 436 (
R mPCC 8 −17 45 260 (62) 440 (
L mPCC −7 −11 45 272 (84) 434 (

Parietal lobe
R IPS 30 −40 36 264 (59) 401 (
L IPS −29 −44 39 310 (100) 441 (

R IPL 45 −50 45 256 (84) 404 (
L IPL −36 −55 44 270 (69) 428 (
R TPJ 58 −55 25 218 (77) 430 (
L TPJ −49 −55 30 246 (83) 391 (

Abbreviations: L: Left; R: Right; pSTS: posterior part of the superior temporal sulcus; aPCC:
cortex; IPS: intraparietal sulcus; IPL: inferior parietal lobule; TPJ: temporoparietal junction.
p=.14). Mean reaction time for the average of congruous and
incongruous trials was 1640 ms in AI, 1523 ms in PCCH and 1464 ms
in PCOB condition. Here again, a one-way ANOVA revealed no effect of
experimental conditions (AI vs. PCCH vs. PCOB) on mean reaction
times (F(2;60)=.96, p=.39). These results demonstrate an equiva-
lent level of complexity between experimental conditions and rules
out any biases in terms of cognitive effort in the following
interpretations of comparisons of interest.

Localizing the “AI network” (ROIs definition)

Minimum norm estimation was performed to determine the
neural network recruited during attribution of intentions to others.
The ROI criteria were met in a set of 20 regions: the bilateral occipital
lobes, TP, pSTS extended to the supramarginal gyrus in the left
hemisphere, IPL, IPS, TPJ, OFC and the paracingulate cortex in its
anterior (aPCC) and middle part (mPCC). Moreover, some regions
showed unilateral activity such as the right fusiform gyrus, and the
right middle temporal gyrus (their left homologues did not reach the z
threshold). Some ROIs localizations are listed in Table 1B. Fig. 3
represents some of the regions activated in the AI condition (an
animated illustration is available at http://www.predicto.fr/meg/
ai_21subjects.avi). IPS and IPL exhibited very similar time-courses,
suggesting that they possibly belong to a common parietal cluster.

Effect of condition on ROIs' time courses

To test the effect of condition, the mean amplitude of each ROI
between AI and PCCH conditions and between PCCH and PCOB
conditions were compared at different time-intervals. Fig. 4 illustrates
the cortical activations of the contrast between AI and PCCH and
between PCCH and PCOB at different time steps. Permutation test
showed that the right IPL as well as the right pSTS and TPJ were
significantly more activated during AI than PCCH between approxi-
mately 200 and 600 ms (see Table 1). In addition, the right IPS showed
enhanced activation in AI compared to PCCH in the 240–540 ms time-
window. Moreover, we found that the left TPJ, left IPL and left pSTS
were strongly recruited when stimuli contained characters (PCCH)
compared to objects only (PCOB) during the 350–450 ms time-
alairach coordinates (Talairach and Tournoux, 1988). (C) Mean and standard deviation
tencies in ms. (E) Mean peak amplitudes in pA.m−1. (F) Effect of condition on mean

ak latencies
condition (sd)

E/Peak amplitude
in AI condition

F/Condition
effect on
amplitude

G/Significant
time-intervals

105) 8.7 AINPCCH 200–600
116) 9.3 PCCHNPCOB 330–430

33) 3.1 PCCHNPCOB 290–340
141) 4 PCCHNPCOB 200–350
250) 5.2 PCCHNPCOB 240–290
146) 5.1 PCCHNPCOB 300–350
89) 5.6 – –

117) 4.2 PCCHNPCOB 290–340

89) 6.6 AINPCCH 240–540
91) 4.7 AINPCCH 540–600

PCCHNPCOB 390–440
102) 11 AINPCCH 200–600
85) 7.5 PCCHNPCOB 340–440
81) 10 AINPCCH 240–600
94) 11 PCCHNPCOB 390–440

anterior paracingulate cortex; OFC: orbitofrontal cortex; mPCC: middle paracingulate
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Fig. 3. Reconstruction of cortical activations and time-courses of selected ROIs. Right and left cortical surface with normalized magnetic activation at 440 ms (right hemisphere)
and 400 ms post-stimulus (left hemisphere) in AI condition. Colour scale: arbitrary units (z values). A, B, C, D: Time-courses (raw data) of the left pSTS (A), right IPL/IPS cluster
(B), right TPJ (C) and right pSTS (D) in the three conditions (AI in red, PCCH in blue and PCOB in green). Horizontal axis in seconds (−0.1 to 0.9 s). Time origin corresponds to
pictures' presentation. Vertical axis in A.m−1. Red lines represent peak latencies. Horizontal coloured bars represent time intervals in which comparisons between conditions are
found significant: orange stands for pb .05 and red stands for pb .001 (paired permutation test). Upper bars: AI versus PCCH comparison; lower bars: PCCH versus PCOB
comparison.
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AI - PCCH

380 ms 440 ms390 ms 400 ms 410 ms 420 ms 430 ms

PCCH - PCOB

Fig. 4. Reconstructed cortical activations for AI vs. PCCH and PCCH vs. PCOB contrasts at different time-steps. Up: Right cortical surface with raw magnetic activation in regions
showing more response in AI compared to PCCH condition. Down: Left cortical surface with raw magnetic activation in regions showing more response in PCCH than in PCOB
condition. Activations were shown every 10 ms from 380 ms to 440 ms post-stimulus onset. Colour scale from 0 (dark red) to 8 pA.m−1 (yellow/white).
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interval approximately (let's note however that the significance of the
differences observed in the left pSTS and TPJ was uncorrected, i.e. at a
.05 threshold, during two 50 ms epochs). The right aPCC as well as the
left OFC and mPCC showed the same effect from 300 to 350 ms.
Finally, the left aPCC exhibited this effect between 200 and 350 ms;
the right OFC, from 240 to 290 ms. Fig. 3 displays the time-courses of
some ROIs in which significant differences between AI and PCCH or
between PCCH and PCOB were found.

ROIs' chronometry in AI condition

MEG data allowed the determination of chronometry in each
region for the AI condition. Measures of latencies (FWHM and peak)
for each ROI were reported in Table 1C and D. We noticed that activity
started in the occipital lobe and spread in posterior regions including
right fusiform area and TPJ. However, the pattern of activations
seemed to bemore complex than a posterior–anterior chronology. For
instance, we observed that several posterior areas such as the left
pSTS and bilateral IPL were co-activated with anterior regions (see
Table 1C).

These general observations on chronometric variables appear
relevant to our understanding of early ToMmechanisms. However, no
significant influence of ROI on peak or FWHM latencies was found
(respectively, F(13;197)=.46, p=.94 and F(13;197)=.84, p=.61).
Taking into consideration hypothesis #2, two-ways ANOVAs were
performed with hemisphere and group of regions as factors. No effect
of ROIs groups (F(3,143)=.19; p=.90) and hemisphere (F(1,143)=
.36; p=.54) on peak latencies was found. However, while no effect of
group of ROIs was found (F(3,143)=2.20; p=.09), FWHM latencies
exhibited differences given the hemisphere (F(1,143)=4.42; pb .05).
Post-hoc LSD contrasts demonstrated that the right hemisphere had
earlier onset of activation latencies than the left (pb .05).

Discussion

Inferring mental states such as desires and intentions to other
people is a core ability required for appropriate human communica-
tion and fluent navigation into the social world. Several studies have
elucidated the anatomical bases of this capacity with either
hemodynamic, metabolic measures or neuropsychological investiga-
tions. In the present study, we add to this knowledge base by
providing insights into the integration between the temporal
dynamics and the spatial localization of ToM. MEG was used to
measure the cortical magnetic response evoked by attribution of
intentions to human characters represented in sequences of pictures.
Methodologically speaking, results demonstrate the relevance of MEG
to address new issues in social cognition. Remarkably, brain structures
involved in ToM as seen in Table 1A are in accordance with those
found with hemodynamic or metabolic measures (Van Overwalle and
Baetens, 2009). For example, the comparison of Talairach coordinates
(Talairach and Tournoux, 1988) of the right posterior regions (pSTS,
TPJ and IPL/IPS) found in our study (see Table 1A) with those reported
in the meta-analysis of Van Overwalle and Baetens (2009), demon-
strated a difference approximately equal (IPL/IPS) or less (pSTS and
TPJ) than 1 cm.

The main results show that, in agreement with hypothesis #1, the
mentalizing system was mobilized during the task. Main significant
activations were found between 100 and 700 ms, a period which may
be thought as corresponding to early stages of social processes. As we
will discuss later, data analyses described in this article did not allow
addressing the issue of later cognitive components (i.e. occurring after
700 ms) and leave open hypotheses on brain activities related tomore
complex and less stimulus-locked aspects of ToM. Another important
finding, in line with hypothesis #2, was the presence of activations in
the parietal cortex during the same time-window, as indexed by peak
latencies, which suggests that the complementary processes of
inference making and shared-representations (MNS) are elicited
during the task. Moreover, schematic “sequential” model positing the
activation in the MNS regions as preceding those of the high-level
mentalizing system did not receive support from these results as no
significant latencies difference between these two systems was
observed. Finally, we found earlier right hemisphere recruitment
compared to the left hemisphere, reflecting its predominant role in
attribution of intentions.

Interestingly, compared to previous works, we used an explicit
instruction in the attribution of intention condition. Although this
issue is largely understudied in the ToM domain, the strong
similarities between the brain regions we found and those reported
in previous ToM studies suggest that no major anatomical difference
is induced by the use of an implicit versus explicit instruction. This
observation is in line with reports from Iacoboni et al. (2005) who
compared the two types of instructions in a task requiring intentional
inferences from the observation of video-clips of simple actions. These
authors reported no significant differences in the mirror neuron
system but found nonspecific increased activation in the left mesial
and cingulate prefrontal cortex in the explicit condition. According to
these authors, the absence of difference within the mirror neuron
system itself is a reflect of automated processing, poorlymodulated by
top-down influences. Similarly, in a recent review of ToM neuroima-
ging studies, Carrington and Bailey (2009) reported that, to date, no

image of Fig.�4
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experimental evidence has been demonstrated about the influence of
the instructions on the brain regions involved in ToM tasks. From the
results presented here, we suggest that high temporal resolution, as
provided by MEG, is an asset to address these questions as top-down
influencesmay affect significantly brain responses at different epochs.
Developing measures of brain activities occurring after 700 ms post-
stimulus while varying the instructions would be relevant in future
studies.

Attribution of intentions to others involves contribution of the
mentalizing system

In agreement with hypothesis #1, magnetic activations were
found in bilateral TPJ and aPCC in the 100–700 ms time-window.
Previous fMRI and PET studies have included these regions in the
mentalizing system which is involved in ToM high-level reflective
processes (Carrington and Bailey, 2009; Frith and Frith, 2006; Van
Overwalle and Baetens, 2009). Interestingly, we found that these
different structures exhibited distinct responses to conditions,
bringing into light the intrinsic complexity of the mentalizing system.

The major role of the right TPJ in the attribution of intentions was
supported by our finding of greater magnetic activation in attribution
of intention (AI) comic-strips than in stimuli depicting physical
causality with characters (PCCH). Furthermore, statistical analysis
showed that the intention effect may start around 240 ms post-
stimulus. This is in accordance with the results of Van der Cruyssen
(2009) who reported, using electroencephalography (EEG), early
right temporo-parietal area participation in goal inferences. These
findings may be interpreted within the scope of several theoretical
proposals. Some authors argue that the right TPJ plays a specific high-
level function in constructing a coherent model of others' mind
independent of one's own mental states (Saxe and Kanwisher, 2003;
Saxe and Wexler, 2005). An alternative view states that this region is
involved in attention reorientation toward salient stimuli (Corbetta
and Shulman, 2002; Decety and Lamm, 2007; Mitchell, 2008), a low-
level process that should have been triggered in our study. Further
researches on the influence of attentional parameters (i.e. use of
distracters or double tasks) on TPJ time-courses will be necessary to
disentangle these hypotheses.

Interestingly, when we compared the two TPJ areas, we observed
that during the 390–440 ms time-window, right and left TPJ showed
different modulation with regards to experimental conditions. While
the right TPJ exhibited enhanced activation in AI compared to PCCH,
its left homologue showed more activation in PCCH than PCOB. This
suggests a functional dissociation between the two TPJ regions during
attributing mental states from observation of a character's action: the
left TPJ seems to respond to the presence of a character whereas the
right TPJ participates in intentions coding.

Concerning the aPCC, although we found an early recruitment as
Van der Cruyssen et al. (2009) did, this involved only a significant
PCCH vs. PCOB comparison without a significant intention effect.
However, the absence of such an effect was unexpected given that
previous PET findings with an attribution of intention task were in
support of a stronger participation of the aPCC in intention processing
by comparison with understanding physical causality (Brunet et al.,
2000). Moreover, it is well documented that this midline structure is
implicated in ToM processes (Amodio and Frith, 2006; Gallagher and
Frith, 2003; Van Overwalle and Baetens, 2009). It is worth noting that,
compared to our previous investigation (Brunet et al., 2000), the
characteristics of the paradigm were modified at least on two
important dimensions: The pictures were presented sequentially
rather than simultaneously and the subjects' task was to make a final
congruity judgment instead of a choice between alternative endings.
It cannot be ruled out that these changes weakened the cognitive load
on strategic processes such as verification and generation of
hypotheses, which could hypothetically engage the aPCC when social
representations are processed. An alternative explanation would be
that these strategic processes occur in a later time-window, suggest-
ing that the early aPCC participation found in this study did not reflect
the same cognitive process as the time-averaged activations recorded
in previous fMRI and PET investigations. This interpretation is
strengthened by the results of Liu and collaborators who measured
EEG signals during a false-belief task which requires the involvement
of high-level inferential processes (2004). Interestingly, they found an
enhanced EEG component around 800 ms post-stimulus when
participants thought about themental states of a character, suggesting
that ToM strategic processes would not occur earlier.
Attribution of intentions also generates early activations within regions
belonging to the MNS

The paradigm used in this study is based on the observation of
drawings depicting human characters performing intentional actions.
Because this is a debated issue, we raised the question of the
activation of MNS regions in such a non-ecological experimental
condition. Anatomically, other authors have proposed a set of regions
including the IPL, the IPS, and the IFC as the substratum of these
representations (for reviews, see Agnew et al., 2007; Rizzolatti and
Craighero, 2004; Van Overwalle and Baetens, 2009). In addition,
Proverbio et al. (2009) reported that the MNS was implicated even
when static representations were used as stimuli. Interestingly the
present study shows that an early magnetic activation in bilateral IPL
an IPS is found in the first 700 ms post-stimulus. Our results give some
additional support for the functional dissociation among regions
thought to constitute the MNS as frontal and parietal regions were
differently recruited in the AI condition (IFC regions did not reach the
z threshold).

Based on previous fMRI investigations, we expected that activation
in frontal and parietal sites of this network would be sensitive to both
the presence of human characters (Montgomery et al., 2007) and the
intentionality of the observed action (Iacoboni et al., 2005). We did
not find IFC activation in this study. It is unlikely that this absence is
explained by the use of explicit instructions as Iacoboni et al. (2005)
reported similar IFC recruitment using both implicit and explicit
instructions. Although this structure is commonly found to be
activated in action understanding paradigms (see Binkofski and
Buccino, 2006 for a review), our result is in accordance with that of
Chong et al. (2008) who found no evidence of mirror properties
(i.e., action selectivity and action execution/observation co-activation)
in the human IFC. Our result reinforces the interpretation of a
functional dissociation between inferior frontal and parietal cortices.

Contrary to IFC, right IPS and IPL showed a stronger activation, in
attribution of intention condition (AI) compared to stimuli depicting
physical causality with character (PCCH). This effect was observed
from 200 to 600 ms in right IPL and between 240 and 540 ms in right
IPS, agreeing with recent fMRI/EEG results by Ortigue et al. (2009).
There is no increased amplitude in PCCH relative to PCOB, suggesting
that the role of the parietal areas is not related to the presence of
human characters per se. Instead, our result is in support of a major
role of the parietal cortex in early ToM processes. However, we cannot
rule out the possibility that the parietal cortex detects low-level goals
instead of high-level intentions in the AI comic-strips. To disentangle
these alternatives hypotheses, future researches should control the
amount of implied motion depicted in the AI and PCCH stimuli.
Interestingly, fMRI results reported by Shmuelof and Zohary (2006),
corroborated by Hamilton and Grafton (2008), suggested that the
right IPS is implicated in the prediction of the outcome of a motor
action. Our result may confirm the theoretical view that attribution of
intentions from action observation could in part rely on such a
mechanism (Blakemore and Decety, 2001; Shmuelof and Zohary,
2007) and that participants have used it to perform the task.
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Importantly, this study is a direct example of a ToM task recruiting
some regions thought to belong to the MNS in conjunction with the
mentalizing system. This result reinforces the idea that these two
systems are complementary rather than mutually exclusive (de Lange
et al., 2008; Thioux et al., 2008). An important question is the relative
onset latencies of the MNS and the mentalizing networks. Because the
mentalizing system is classically categorized as subserving high-level
processes (Van Overwalle and Baetens, 2009), we expected that the
MNS activations would precede those of the mentalizing regions. We
did not confirm this hypothesis. Indeed, we found a global overlap of
activations in the two systems with peak latencies lying in the 390–
450 ms time-window, and FWHM measures between 200 and
310 ms. This result suggests that the classic low versus high-level
categories should be reconsidered in the light of chronometric data.
Temporal overlaps between these levels may reflect a functional
interaction between social perception which leads to activations of
hypotheses on other's intentions and integrative/inferential processes
which perform selection among these hypotheses. Nevertheless, one
has to keep inmind that our analyses focused on the 200–600 ms time
interval and that the mentalizing system may be solicited later, as
discussed previously. Moreover, it's worth noting that several systems
can be found co-activated but do not functionally interact. One
promising approach in future researches would be to measure from
MEG signals the functional connectivity between these systems using
coherence or phase synchrony analyses.
The right posterior temporal cortex plays a major role in attribution of
intentions

In line with the third hypothesis, we found bilateral pSTS
activations during the 100–700 ms time-window. More precisely,
FWHM latencymeasures showed a significant activation onset around
245 ms post-stimulus onset, with peak latencies around 400–450 ms.
We found a later peak of activation than several studies (Conty et al.,
2007; Hirai et al., 2003; Jokisch et al., 2005). However, these previous
works focused on low-level aspects of social cognition (biological
motion and eye-gaze detection) rather than mental states attribution.
This methodological difference could explain the apparent discre-
pancies with their results.

We expected that the pSTS, especially on the right, would be
responsive to both the presence of characters and the intentionality of
the actions. This assumption was not verified as right pSTS activation
was not significantly increased in PCCH compared to PCOB. However,
this region was recruited more strongly in AI than in PCCH, during the
200–600 time interval. This result suggests that the right pSTS codes
more the intentional aspect than the detection of social cues per se,
reinforcing the findings of several neuroimaging results (Pelphrey
et al., 2004; Pelphrey and Morris, 2006; Saxe et al., 2004). In
agreement with this interpretation, Castelli et al. (2000) reported
right pSTS involvement in subjects that observed geometrical forms
which move in an intentional way.

Contrary to its right homologue, the left pSTS showed enhanced
activation in PCCH compared to PCOB between 330 and 430 ms, but
no difference was found compared to the AI condition. This pattern
suggests that, contrary to its right homologue, the left pSTS is more
implicated in the detection of characters than in the processing of
intentions. This is in agreement with the classical interpretation about
the pSTS function (see Allison et al., 2000 for a review; Materna et al.,
2008). Unexpectedly, we found a similar pattern of response in
bilateral anterior and left middle paracingulate regions (aPCC and
mPCC) as well as in bilateral orbitofrontal (OFC) and left parietal
cortices. To our knowledge, these regions have not been reported to
be sensitive to the presence of human characters in previous studies.
To date, it remains difficult to interpret such a finding and further
studies, using similar technology, should investigate this issue.
Interestingly, by comparing the two pSTS regions, we observed
that there was no statistical difference between their FWHM and peak
latencies. Moreover, as mentioned previously, both showed different
modulations regarding the experimental condition during at least the
330–430 ms time-interval. These characteristics lead us to the
proposition that, as the two TPJ regions, these two structures underlie
distinct but simultaneous processes during the attribution of inten-
tions from action observation in the 100–700 ms time-period.

Conclusion and perspectives

This study used MEG associated with minimum norm algorithms
to explore ToM processes in order to localize the activated brain
network and to get temporal information. Although this technique
suffers from the absence of methodological guidelines because of its
innovative aspect, we show that it is promising to address important
questions in social neurosciences. Indeed, localization results reported
here demonstrate remarkable convergence with anatomical data
obtained with either fMRI or PET. When compared to EEG studies that
did not allow precise functional cartography, our findings add
important information on the respective contribution of each region
within the activated network. Importantly, while MNS, mentalizing
and social perception regions exhibited different profiles of activation,
we show that simultaneous involvements appear within parts of
these systems that have been thought as separated and evenmutually
exclusive in the literature. Probably, advances in MEG signal
processing, high-density array EEG and coupling fMRI with EEG will
help reconsidering the current debate on these systems. As attribution
of intentions to others was shown impaired in mental disorders such
as schizophrenia, we suggest that the paradigm validated with MEG
may prove successfully at showing patients' abnormalities in early
processes of social cognition.
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