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Abstract: Despite the fact that nonverbal dyadic social interactions are abundant in the environment,
the neural mechanisms underlying their processing are not yet fully understood. Research in the field
of social neuroscience has suggested that two neural networks appear to be involved in social under-
standing: (1) the action observation network (AON) and (2) the social neural network (SNN). The aim
of this study was to determine the differential contributions of the AON and the SNN to the process-
ing of nonverbal behavior as observed in dyadic social interactions. To this end, we used short com-
puter animation sequences displaying dyadic social interactions between two virtual characters and
systematically manipulated two key features of movement activity, which are known to influence the
perception of meaning in nonverbal stimuli: (1) movement fluency and (2) contingency of movement
patterns. A group of 21 male participants rated the ‘‘naturalness’’ of the observed scenes on a four-
point scale while undergoing fMRI. Behavioral results showed that both fluency and contingency sig-
nificantly influenced the ‘‘naturalness’’ experience of the presented animations. Neurally, the AON was
preferentially engaged when processing contingent movement patterns, but did not discriminate
between different degrees of movement fluency. In contrast, regions of the SNN were engaged more
strongly when observing dyads with disturbed movement fluency. In conclusion, while the AON is
involved in the general processing of contingent social actions, irrespective of their kinematic proper-
ties, the SNN is preferentially recruited when atypical kinematic properties prompt inferences about
the agents’ intentions. Hum Brain Mapp 00:000–000, 2013. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

It is widely accepted that nonverbal behavior constitutes
a central component of human communication [Burgoon,
1994]: When watching interactions between other people,
humans evaluate the social communicative intentions of
others by heavily relying on nonverbal cues. However,
meaningful information is not only conveyed by specific
gestures, facial expressions, or body postures, but also by
the kinematic properties of perceived movement (i.e., spa-
tiotemporal dynamics). Such properties can describe both
individual characteristics like the quality of motion (e.g.,
movement fluency) and dyadic characteristics like the
interactive dynamics between objects (e.g., movement con-
tingency) [Blakemore et al., 2003]. Fluency is an important
kinematic characteristic of biological motion [Flash and
Hogan, 1985; Lacquaniti et al., 1983]. Research has found
that the visual system is biased toward movements that
follow a smooth velocity profile [Bidet-Ildei et al., 2006;
Hirai and Hiraki, 2007; Viviani and Stucchi, 1992] and that
this sensitivity is innate [Johansson, 1973]. Moreover, such
articulated movements are usually perceived as intentional
and animate [Morewedge et al., 2007; Pyles et al., 2007].
Apart from the physical properties of biological motion
the contingencies of movement patterns also facilitate the
perception of meaning in a visual stimulus: Graphical dis-
plays of simple moving geometrical figures were inter-
preted as social encounters due to their interactive
dynamics [Castelli et al., 2000; Gobbini et al., 2007; Santos
et al., 2008, 2010; Schultz et al., 2004, 2005]. In the context
of research on social interaction, the term ‘‘social contin-
gency’’ has been used to describe an above chance proba-
bilistic mutual relationship between the actions of two
interactants [Moran et al., 1992]. Thus, we refer to contin-
gency as the noncoincidental bidirectional coordination of
movement patterns both in the temporal and the spatial
domain between two interacting agents, which result in
meaningful patterns of mutual social coordination.

Although human nonverbal social interactions contain
complex information with respect to both movement
fluency and contingency of movement patterns, brain
imaging studies investigating the neural mechanisms of
the perception of such social stimuli are still rare as non-
verbal behavior is hard to capture and very difficult to
control experimentally [Bente et al., 2001a; Choi et al.,
2005; Grammer et al., 1999; Krumhuber and Kappas, 2005].
Indeed, up to now, most neuroimaging studies investigat-
ing the perception of human nonverbal interactions have
used static stimuli (either photographs or comics),
[Canessa et al., 2012; Kujala et al., 2011; Pierno et al., 2008;
Walter et al., 2004]. To our knowledge, only four neuroi-
maging studies used dynamic stimuli of nonverbally inter-
acting dyads [point light displays, Centelles et al., 2011;
Hirai and Kakigi, 2009; and videos, Iacoboni et al., 2004;
Sinke et al., 2010]. However, none of these studies
addressed the role of the kinematics or of the contingency
factor per se for the perception of communicative nonver-

bal interactions, despite the fact that the weight of each of
the two factors for the perception of social meaning is still
unclear. Thus, the investigation of nonverbal communica-
tive interactions may help clarify the role of the two fac-
tors and the two main brain networks social neural
network (SNN) and action observation network (AON) in
social perception.

Neural activation related to the attribution of meaning
to perceived movement has been found to be implicated
in the so-called AON [Caspers et al., 2010; Decety and
Grèzes, 1999; Grèzes et al., 2001; Marsh et al., 2010; Rizzo-
latti et al., 1996; Saygin, 2007]. This network is thought to
comprise the bilateral posterior superior temporal sulcus
(pSTS) and the inferior parietal lobe (IPL). It also includes
a premotor node, which encompasses the inferior frontal
gyrus (IFG, pars opercularis) and the adjacent ventral as
well as dorsal premotor cortices (PMv, PMd) and the sup-
plementary motor area, (SMA). Interestingly, it has been
suggested that the AON might be tuned specifically to bio-
logical motion and that it would respond to a lesser extent
to nonbiological or robotic movements [e.g., Casile et al.,
2010; Dayan et al., 2007; Tai et al., 2004]. However,
research on this issue is still inconclusive [for recent
review, see Press et al., 2011].

Studies investigating the perception of the contingent in-
formation between interacting agents have mainly found
activations that seem to form another neural network, the
so-called SNN [Castelli et al., 2000, 2002; Martin and Weis-
berg, 2003; Ohnishi et al., 2004; Santos et al., 2010; Tavares
et al., 2008]. The SNN is thought to include regions along
the cortical midline and in the temporal lobes, namely the
medial prefrontal cortex (mPFC), the posterior cingulate
cortex (PCC), the temporoparietal junction (TPJ) and adja-
cent pSTS as well as the temporal poles [Adolphs, 2009;
Frith, 2007]. It has been proposed that the AON is
required for automatic detection of intentionality from
motion via kinematic analyses, whereas the SNN is
required for the evaluation of social stimuli, including
inferential processes [Brass et al., 2007; de Lange et al.,
2008; Keysers and Gazzola, 2007; Santos et al., 2010; Spunt
et al., 2011; Thioux et al., 2008; Uddin et al., 2007; Van
Overwalle and Baetens, 2009].

The major objective of this fMRI study was to clarify (i)
the relevance of movement fluency and movement contin-
gency for the perception of nonverbal communicative
interactions and (ii) the contribution of these two factors to
the recruitment of the AON and the SNN. To our knowl-
edge, this is the first study that explores the involvement
of the two movement-related factors and of the two neural
networks in a social context. For this purpose, the move-
ment fluency and the contingency information present in
short videos of nonverbal dyadic interactions were system-
atically manipulated in a two-by-two factorial design. Dur-
ing fMRI participants watched short videos of
communicative nonverbal interactions, and were asked to
rate how natural they perceived each one to be on a four-
point scale. Although the AON and SNN appear to serve
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complementary functional roles [Brass et al., 2007; Canessa
et al., 2012; for a meta-analysis see Van Overwalle and
Baetens, 2009], a recent study has found that both systems
might be involved in the processing of whole-body non-
verbal behavior during social interactions [Centelles et al.,
2011]. Considering the conclusions of the latter study, we
hypothesized that both the AON and the SNN would be
involved in the processing of contingent information in
the context of dyadic social interactions. With respect to
the kinematics manipulation we hypothesized, by consid-
ering previous research [e.g., Engel et al., 2008a,b; Gazzola
et al., 2007; Obermann et al., 2007a,b; Stanley et al., 2007,
2010) that the AON would not respond selectively to bio-
logical motion trajectories.

METHODS

Subjects

A group of twenty-eight right-handed male participants
with normal or corrected-to-normal vision and no neuro-
logic or psychiatric past medical history were recruited.
Handedness was assessed by the Edinburgh Handedness
Inventory [Oldfield, 1971]. All participants were naı̈ve
with respect to the purpose of the experiment. Written
informed consent was obtained from all participants. They
received a monetary compensation for their participation
of 10 euro per hour. The study was conducted with the
approval of the local ethics committee of the Medical Fac-
ulty of the University Hospital of Cologne, Germany. Five
participants were excluded from further data analyses due
to excessive head movement, which caused significant sig-
nal spiking, along with uncorrectable motion artifacts.
Two participants were excluded due to noncompliance
with the instruction. The 21 remaining participants were
between 23 and 33 years of age (mean age ¼ 26.86 þ
#2.56).

Stimuli

The stimulus material of this study was based on that of
a previous paradigm for the investigation of nonverbal
behavior [Bente et al., 2001b, 2008, 2010]. It was developed
by converting 3-min long videos depicting dyadic role-
play interactions between two seated persons into silent
animations. Two virtual 3D mannequin models were con-
sidered appropriate to standardize the appearance of all
actors of the original videos. By keeping the appearance
information constant over all videos, we avoided the con-
founding of appearance and motion. In addition, a fully
rendered (polygonal) character was preferred to point light
displays, since we assumed that it would enable partici-
pants to better discriminate subtle motion variations [Dit-
trich, 1993; Hodgins et al., 1998]. In addition, it enabled us
to avoid the uncanny valley effect, a phenomenon by
which artificial characters that are too realistic appear to

be eerie and strange [Mori, 1970]. Movement behavior was
transcribed from the original video sequences onto the vir-
tual characters using the key framing technique and spe-
cially developed computer-assisted coding software as
described by Bente et al. [2001b, 2008]. For this purpose, a
special movement transcription plug-in for the commer-
cially available character animation software Autodesk
MotionBuilder 2011 (Autodesk San Rafael, CA) was devel-
oped. Finally, animations were rendered from these proto-
cols by interpolating the key-frame data to a frame rate of
30 frames per second, using a cubic spline algorithm (Béz-
ier curve) to guarantee the smooth flow of movements.
The Bézier function has been found to have general utility
for human motion simulation [Faraway et al., 2007] and is
generally used in character animation to approximate a
smooth minimum jerk trajectory [Pocock and Rosenbush,
2002], which is characteristic of human movement [Flash
and Hogan, 1985]. Animations were further optimized for
the fMRI environment and validated in a series of prestu-
dies. Finally, 10 ecologically valid social interaction anima-
tions, lasting for 10 s each, were chosen as stimulus
material for this fMRI study (for examples see Supporting
Information).

Study Design

By systematically manipulating key features of move-
ment patterns in a two-by-two design (see Fig. F11A), we
wanted to characterize the contribution of two important
factors in social perception to the processing of social
interactions: (i) movement fluency and (ii) contingency of
movement patterns. First, to manipulate fluency, an artifi-
cial version of each original video was needed. To achieve
this, the smooth movement velocity of the original agents
was changed by linearly interpolating between turning
points. A linear interpolation produces a second derivative
discontinuity, namely a jerk in the action at the start and
end of the shot [Pocock and Rosebush, 2002]. This resulted
in rigid, robot-like movements, which did not simulate
acceleration and deceleration as manifested in human
actions and violated the kinematic laws of biological
movement [e.g., Viviani and Flash, 1995]. Second, to
manipulate the contingency information, one of two agents
of each of the original dyads (contingent) was substituted
by the mirrored image of the other, thus effectively elimi-
nating the contribution of one of the two agents from the
interaction. Thus, we consider the resulting perfectly mir-
rored movement patterns to be neither statistically proba-
ble nor interactively meaningful and hence noncontingent.
Third, to provide a high-level baseline, scrambled videos
were created using a Matlab based algorithm (The Math-
Works, Natick, MA) dividing the original videos into 2 $
4 $ 8 arrays and systematically rearranging them cross-
wise (see Fig. 1B). By proceeding this way, it was possible
to present videos with the same luminance, color, and
amount of motion across all video categories.
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Experimental Procedure

An experimental trial consisted of a 10 s long stimulus
presentation followed by a rating scale lasting for a maxi-
mum of 3 s. Each trial entailed two randomly jittered
interstimulus intervals (ISIs): one between each stimulus
presentation and the rating scale, to enable for statistical
isolation of the behavioral response (applied ISI durations:
1.5, 1.75, 2, 2.25, and 2.5 s; mean ISI: 2 s), and the other
between single trials to increase condition-specific BOLD
signal discriminability [Dale, 1999; Serences, 2004] (applied
ISI durations: 5.4, 6.3, 7.2, and 8.1 s, and 9 s; mean ISI: 6 s;
see Fig. 1C). The experiment was conducted in an event-

related fashion and split into two runs each lasting for
about 20 min. Each of the ten animations was presented
with two repetitions: Every animation once in their origi-
nal position and another time with the positions of the
two agents swapped, to ensure that each of the characters
was presented equally often on each side of the screen.
Each run consisted of 10 events per condition, summing
up to 50 events per run and 100 events in total. Both runs
consisted of equivalent numbers of condition-specific
events, shown in randomized order. There was a 2-min
break between runs. Prior to the fMRI experiment, all par-
ticipants were familiarized with the performance of the
task in a standardized instruction and practice session
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Figure 1.
A: Sample stimuli and the 2 $ 2 factorial experimental design. CS ¼ contingent þ smooth; CR
¼ contingent þ rigid; MS ¼ mirrored þ smooth; MR ¼ mirrored þ rigid. B: Example of still
caption of a scrambled video. C: Example of an experimental trial: The participants’ task was to
observe each video and rate the perceived naturalness of each scene on a 4-point scale.

J_ID: HBM Wiley Ed. Ref. No: HBM-12-0693.R2 Customer A_ID: HBM22259 Date: 24-January-13 Stage: Page: 4

ID: sundaramoorthyt I Black Lining: [ON] I Time: 19:29 I Path: N:/3b2/HBM#/Vol00000/130002/APPFile/JW-HBM#130002

r Georgescu et al. r

r 4 r



presented on a computer screen outside the MRI environ-
ment. None of the animations used in the introduction
were used in the subsequent fMRI experiment. Partici-
pants were told that they would see presentations of 10 s
long silent animations of two interacting characters and
that they would be asked to answer the question ‘‘How
natural did the scene appear to you?’’ on a four-point
scale, ranging from 1 (‘‘very unnatural’’) to 4 (‘‘very natu-
ral’’). They were instructed to base their judgments on the
perceived plausibility and familiarity of a scene. They
were also told that the animations were based on real
interactions but that sometimes the original scenes were
computer-manipulated to achieve variation. Additionally,
subjects were instructed to focus on the fixation cross
between trials, on both agents during the presented videos
and to respond as intuitively and quickly as possible after
the display of the scale. To balance for lateralized motor-
related activations, participants alternately used the right
or left hand across runs. The sequence of the two runs
was randomized as well. The stimulus presentation and
response recording were performed by the software pack-
age Presentation (version 12.2; Neurobehavioral Systems,
Inc., www.neurobs.com/). Responses were assessed using
four buttons of a MR-compatible handheld response de-
vice (LUMItouchTM, Photon Control, BC, Canada).

Data Acquisition

Functional and structural magnetic resonance images
were acquired on a Siemens 3T whole-body scanner,
which was equipped with a standard head coil and a cus-
tom-built head holder for movement reduction (Siemens
TRIO, Medical Solutions, Erlangen, Germany). For the
fMRI scans we used a T2*-weighted gradient echo planar
imaging (EPI) sequence with the following imaging pa-
rameters: TR ¼ 2200 ms, TE ¼ 30 ms, field of view ¼ 200
$ 200 mm2, 36 axial slices, slice thickness 3.0 mm, in-plane
resolution ¼ 3.1 $ 3.1 mm2. Additional four images were
collected at the beginning of each session and discarded
prior to further image processing to allow for magnetic
saturation. For the structural images we used high-resolu-
tion T1-weighted magnetization-prepared rapid acquisition
gradient echo (MPRAGE) sequence with TR ¼ 2250 ms;
TE ¼ 3.93 ms, field of view ¼ 256 $ 256 mm2, 176 sagittal
slices, slice thickness ¼ 1.0 mm, in-plane resolution ¼ 1.0
$ 1.0 mm2.

Behavioral Data Analyses

The effect of factors of interest on individual ratings was
tested by a two-way repeated measures analysis of var-
iance (ANOVA) using SPSS (PASW Statistics 18) with con-
tingency (contingent vs. mirrored) and fluency (smooth vs.
rigid) as within-subject independent variables and the nat-
uralness ratings as a dependent variable.

FMRI Data Analyses

FMRI data were spatially preprocessed and analyzed
using SPM8 (The Wellcome Trust Centre for Neuroimag-
ing) implemented in Matlab 7.1 (The MathWorks). After
the functional images were corrected for head movements
using realignment and unwarping, each structural MRI
was coregistered to each participant’s mean realigned
functional image. All images were then normalized to the
Montreal Neurological Institute (MNI) reference space
using the unified segmentation function in SMP8 and were
resampled to a voxel size of 2 $ 2 $ 2 mm3. The transfor-
mation was also applied to each participant’s structural
image. Functional images were then spatially smoothed
with an isotopic Gaussian filter (8 mm full width at half
maximum) to meet the statistical requirements of further
analysis and to account for macroanatomical interindivid-
ual differences across participants.

The data were analyzed using a General Linear Model
as implemented in SPM8. In all single subject analyses,
effects of interest were modeled separately using a boxcar
reference vector convolved with the canonical hemody-
namic response function and its time derivatives. Trials
were classified according to five event types: (1) contingent
and smooth (CS), (2) contingent and rigid (CR), (3) mir-
rored and smooth (MS), (4) mirrored and rigid (MR), (5)
scrambled videos. Durations for events of interest were set
at 10 s, corresponding to the video duration. A 128 s tem-
poral high-pass filter was applied to account for subject-
specific, low-frequency drifts. For each subject and each
condition, a comparison with the implicit baseline was
implemented as an individual contrast image, by weight-
ing only the regressor corresponding to that particular
condition with 1 and all other regressors with 0. The single
subject contrasts were fed into the second level analyses
using a flexible factorial ANOVA (factors: condition and
subject), employing a random-effects model [Penny et al.,
2003]. First, the group-level analysis evaluated, which
brain regions were differentially active while watching
meaningful compared with scrambled videos (CS þ CR þ
MS þ MR > scrambled videos). Second, for the study of
the main effect of movement fluency comparisons were
collapsed across contingencies; for the study of the main
effect of contingency comparisons were collapsed across
velocity profiles. Consequently, the following contrasts
were computed: (i) CS þ MS > CR þ MR (smooth com-
pared with rigid motion); (ii) CR þ MR > CS þ MS (rigid
compared with smooth motion); (iii) CS þ CR > MS þ
MR (contingent compared with mirrored movements); (iv)
MS þ MR > CS þ CR (mirrored compared with contin-
gent movements); (v) (CS > MS) > (CR > MR) (interac-
tion: contingent compared with mirrored movements for
smooth compared with rigid motion); (vi) (CR > MR) >
(CS > MS) (interaction: contingent compared with mir-
rored movements for rigid compared with smooth
motion). At the group level, all effects are reported as sig-
nificant at P < 0.05, corrected for multiple comparisons at
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the cluster level with P < 0.001, uncorrected, at the voxel
level [Friston et al., 1996].

Significant activations were anatomically localized by
using the brain atlas by Duvernoy [1999] and the SPM
anatomy toolbox, version 1.7 [Eickhoff et al., 2005]. Group
activation maps were superimposed on a mean T1 image
that was constructed from the individual T1 images of the
21 participants. Reported coordinates refer to maximum
values in a given cluster according to the MNI 1 mm iso-
topic brain template.

BEHAVIORAL RESULTS

Behavioral results have shown that people are sensitive
to contingency information and, to a lesser degree, also to
movement velocity. The ANOVA revealed significant
main effects of contingency (F(1,20) ¼ 64.9, P < 0.001) and
movement fluency (F(1,20) ¼ 57.4, P < 0.001) on the de-
pendent variable ‘‘naturalness rating’’ with higher natural-
ness ratings for contingent (M ¼ 2.91; SE ¼ 0.07) than for
mirrored movement patterns (M ¼ 1.60; SE ¼ 0,12) as well
as higher naturalness ratings for videos where characters
moved with smooth (M ¼ 2.62; SE ¼ 0.09) than rigid
velocities (M ¼ 1.89; SE ¼ 0.05; see Fig.F2 2). Furthermore,
there was a significant interaction effect between contin-
gency and movement fluency (F(1,20) ¼ 31.2, P < 0.001).
This effect reflects that contingent (compared with mir-
rored) videos increased naturalness ratings more in videos
with smooth kinematics than it did in videos with rigid ki-
nematics (see Fig. 2).

NEURAL RESULTS

The comparisons of all meaningful videos to scrambled
videos revealed a robust AON activity (see Table T1I). Direct
comparisons of the different kinds of movement contin-
gencies and fluency revealed striking differences, as
described in the following and in Table T2II.

We found that the perception of contingent compared
with mirrored dyads was associated with a significant
increase of neural activity in the AON, involving bilater-
ally the IFG (extending bilaterally to the premotor cortex),
the STG and pSTS (extending to the extrastriate cortices)
the left IPL and the left fusiform gyrus (FG). Other regions
identified as differentially responsive to contingency infor-
mation were distributed among the midbrain, the right
thalamus and the right pallidum (see Fig. F33A, Table II). In
contrast, the perception of mirrored compared with contin-
gent dyads revealed activations bilaterally in the parahip-
pocampal gyrus, the cuneus, and the PCC, as well as in
the left angular gyrus and the left middle to superior fron-
tal gyrus (see Table II).

The observation of videos where characters were mov-
ing with smooth compared with rigid kinematics did not
reveal any differential neural response. The opposite con-
trast, investigating the perception of rigid compared with
smooth movements revealed activations in the left IFG
(pars triangularis), the left angular gyrus, corresponding to
the left TPJ, as well as bilaterally F4the dorsomedial prefron-
tal cortex (dmPFC; see Fig. 4A, Table T3III).

The interaction evaluating brain regions more respon-
sive to contingent than to mirrored movement patterns
when the motion was smooth, but not rigid, revealed acti-
vations in the middle cingulate cortex bilaterally, as well
as in a cluster encompassing the left precentral and post-
central gyrus (see Fig. 4C, Table III). The second interac-
tion, which evaluated brain regions more responsive to the
contrast between contingent and mirrored videos when
the motion was rigid than when it was smooth, did not
reveal any differential neural response.

DISCUSSION

This study focused on the influence of the two factors
movement fluency and movement contingency on the per-
ception of naturalness in nonverbal communicative inter-
actions and the neural activation patterns related to their
processing. Behavioral results revealed that naturalness
ratings were higher for both contingent and fluent move-
ments. The neural results can be summarized as follows:
First, the AON was engaged more strongly by the process-
ing of movement contingency (contingent compared with
mirrored movements). Second, the AON did not discrimi-
nate between different types of kinematic information (flu-
ent compared with rigid movements or vice versa). Third,
regions of the SNN were preferentially engaged by non-
biological kinematics (rigid vs. fluent motion). We argue

639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702

703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

C
O
L
O
R

Figure 2.
The plot illustrates the effects of video type on naturalness rat-
ings. The scales on the y-axis indicate the mean of stimuli ratings.
A score of 1 refers to rating a video as ‘‘unnatural’’ and one of 4
as ‘‘natural.’’ CS ¼ contingent þ smooth; CR ¼ contingent þ
rigid; MS ¼ mirrored þ smooth; MR ¼ mirrored þ rigid.
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that, while the AON is involved in the general processing
of contingent social actions, irrespective of their kinematic
properties, the SNN is preferentially recruited when atypi-
cal kinematic properties prompt inferences about the
agents’ intentions.

Behavioral Findings

As expected, videos with contingent movement patterns
compared with those displaying mirrored movements
were rated as more natural, showing that the relational in-
formation in a dyadic interaction influences perceptual
judgments. This complements research showing that spa-
tiotemporal factors are associated with increases in the
perception of mindfulness and animacy [i.e., aliveness,
Dittrich and Lea, 1994; Santos et al., 2008, 2010; Scholl and
Tremoulet, 2000]. Since human nonverbal social interac-
tions are characterized by a high degree of automatic
interpersonal coordination [Bernieri and Rosenthal, 1991;
Burgoon et al., 1993; Cappella, 1998], it is likely that
human observers, based on an innate sensitivity, implicitly
learn to extract information about social contingencies
using spacing and timing cues [Gergely and Watson,
1999]. Indeed, research has robustly demonstrated that
observers make use of such spatiotemporal dynamics to
judge social interactions they observe [Balas et al., 2012;
Becchio et al., 2012; Berry et al., 1992; Blythe et al., 1996;

Clarke et al., 2005; Heider and Simmel, 1944; Manera
et al., 2011; McAleer and Pollick, 2008; Michotte, 1946;
Rimé et al., 1985; Santos et al., 2008, 2010; Sartori et al.,
2011; Scholl and Tremoulet, 2000].

In addition, we report higher naturalness ratings for vid-
eos in which characters moved with a smooth compared
with rigid movement. This is in line with both the view
that people have an innate sensitivity for the kinematics of
biological motion [Johansson, 1973] as well as findings,
which show that smooth movements are more likely to be
perceived as intentional and animate [Morewedge et al.,
2007; Pyles et al., 2007].

Finally, there was a significant interaction effect between
contingency and movement fluency, indicating that contin-
gent (compared with mirrored) videos increased natural-
ness ratings more when movements were performed with
smooth rather than rigid kinematics. This may be due to a
ceiling effect, considering that the difference between con-
tingent and mirrored videos was reported as more easily
detectable than that between fluent and rigid movements.
Nevertheless, the highest mean naturalness rating was
received by videos with both contingent and fluent move-
ments. Given that human social interactions are character-
ized by both contingent social dynamics and fluent
movement kinematics, stimuli complying with these
requirements would also be most plausible and hence
most likely to be perceived as natural.

767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830

831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894

TABLE I. Regions more responsive to meaningful than scrambled videos

Region

Cluster-level

Side

MNI coordinates

TSize PFWE-corr x y z

Main effects
Movie > scramble
Supramarginal gyrus 3870 0.000 R 60 #34 24 9.30
Middle temporal gyrus 0.000 R 58 #58 4 9.05
Posterior superior temporal sulcus 0.000 R 56 #44 6 8.72
Middle temporal gyrus 1936 0.000 L #52 #64 10 8.86
Superior temporal gyrus 0.000 L #58 #42 18 5.12
Inferior frontal gyrus (p. triang.) 8291 0.000 R 56 22 22 8.62
Inferior frontal gyrus (p. orbit.) 0.000 R 46 26 #6 8.60
Inferior frontal gyrus (p. operc.) 0.000 R 52 18 14 8.36
Fusiform gyrus 228 0.031 R 44 #46 #18 8.60
Fusiform gyrus 208 0.043 L #42 #48 #20 6.96
Inferior frontal gyrus (p. triang.) 1132 0.000 L #56 26 4 5.77
Inferior frontal gyrus (p. orbit.) 0.000 L #44 32 #4 5.51
Insula 0.000 L #32 22 #2 5.26
Superior medial frontal gyrus 976 0.000 R 6 28 44 5.15
Dorsal medial prefrontal cortex 0.000 R 4 36 32 4.64
Supplementary motor area 0.000 R 8 14 56 4.44
Superior parietal lobe 517 0.001 R 40 #48 62 5.11
Inferior parietal lobe 0.001 R 44 #52 46 4.13
Posterior cingulate gyrus 198 0.05 R 2 #26 30 4.68
Thalamus 436 0.002 L #8 #6 #2 3.95

Abbreviations: k: number of voxels in a cluster; t: values of regions active in each contrast; L: left hemisphere; R: right hemisphere; p.
operc.: pars opercularis; p. orbit.: pars orbitalis; p. triang.: pars triangularis.
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Effects of Contingency

No SNN engagement during the processing of
contingent interactions

In contrast to our initial hypothesis, our results revealed
no differential engagement of the SNN for the contingent
compared with the mirrored movement videos. This might
be a surprising finding, particularly since there is robust
evidence for this network’s involvement in the observation
of social interactions presented in different formats
[Castelli et al., 2000; Centelles et al., 2011; Iacoboni et al.,
2004; Kujala et al., 2011; Pierno et al., 2008; Santos et al.,

2010; Schultz et al., 2004, 2005; Tavares et al., 2008; Walter
et al., 2004]. However, since the processing of observed
actions is sensitive to different cognitive strategies which
may be triggered by task demands and/or contextual in-
formation [de Lange et al., 2008; Spunt et al., 2011; Tavares
et al., 2008; Wheatley et al., 2007; Zaki et al., 2010], the
stimuli and design of this study might explain this appa-
rent contradiction relating to the results. The engagement
of the SNN has been robustly attested when participants
were explicitly or implicitly prompted to deliberate on the
intentions of observed agents [Brass et al., 2007; Buccino
et al., 2007; de Lange et al., 2008; Liepelt et al., 2008; Marsh

895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958

959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022

TABLE II.AQ6

Region

Cluster-level

Side

MNI coordinates

TSize pFWE-corr x y z

Main effects
1. Contingency: Dyad > Mirror
Inferior frontal gyrus (p. operc.) 5791 0.000 R 56 16 6 6.35
Inferior frontal gyrus (p. triang.) R 56 28 2 6.35
Inferior frontal gyrus (p.orbit.) R 46 26 #4 6.06
Superior temporal gyrus 2878 0.000 R 58 #38 16 7.16
Superior temporal sulcus R 48 #22 #8 6.83
Posterior superior temporal sulcus R 54 #42 8 6.77
Postcentral gyrus R 46 #30 52 5.83
Inferior frontal gyrus (p. triang.) 1444 0.000 L #38 28 2 6.19
Inferior frontal gyrus (p. operc.) L #60 12 24 5.23
Midbrain 1298 0.000 8 #22 #12 5.69

12 #10 #8 5.21
Thalamus R 10 #20 4 5.07
Posterior superior temporal sulcus 1043 0.000 L #48 #50 12 6.5
Middle temporal gyrus/MT/EBA L #50 #66 10 5.09
Postcentral gyrus 710 0.000 L #38 #32 42 5.69
Intraparietal sulcus L #64 #16 32 4.75
Inferior parietal lobule L #48 #34 42 4.28
Fusiform gyrus 231 0.029 L #40 #44 #14 6.34
Globus pallidus 217 0.037 R 20 2 0 3.24
2. Contingency: Mirror > Dyad
Lingual gyrus 1326 0.000 R 18 #68 #8 5.83
Parahippocampal gyrus R 28 #44 #6 4.88
Posterior cingulate gyrus/ Isthmus R 10 #52 10 4.54
Parahippocampal gyrus 850 0.000 L #32 #34 #14 4.78
Posterior cingulate gyrus/ Isthmus L #8 #56 12 4.45
Lingual gyrus L #16 #60 #2 4.02
Middle frontal gyrus 727 0.000 L #24 16 46 5.31
Superior frontal gyrus L #20 20 40 4.94
Cuneus 688 0.000 R 14 #82 28 6.10
Cuneus L #8 #86 18 5.36
Middle occipital gyrus 439 0.002 L #38 #76 30 5.46
Angular gyrus L #40 #62 30 3.66
Posterior cingulate gyrus 364 0.004 L #10 #40 38 4.43

R 8 #36 44 3.92

1. Regions more responsive to contingent than mirrored movement patterns. 2. Regions more responsive to mirrored than contingent
movement patterns.
Abbreviations: k: number of voxels in a cluster; t: values of regions active in each contrast; L: left hemisphere; R: right hemisphere; p.
operc.: pars opercularis; p. orbit.: pars orbitalis; p. triang.: pars triangularis; MT: middle temporal area; EBA: extrastriate body area.
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and Hamilton, 2011; Tavares et al., 2008; Wheatley et al.,
2007]. In addition, the SNN is modulated by increasing
degrees of inferential computation [Spunt et al., 2011].
Thus, a possible interpretation for the lack of SNN engage-
ment in our study is that the presented contingent com-
municative interactions were plausible and ‘‘typical’’ from
an everyday perspective and hence required no additional
inferential computation. Moreover, we could argue that
the actions of one agent contextualized the other’s actions.
Therefore, an increased effort in the computation of these
types of social encounters would not be required. An alter-
native interpretation is related to the task of this study. In
this study, participants were asked to rate the naturalness
of the interaction, hence targeting a global impression of
the scenes by paying attention to the movement patterns
observed. They were not asked to judge the social content
of such interactions or infer the mental states or feelings of

the agents. Since top-down effects have been shown to
influence AON activity [Engel et al., 2008a,b; Stanley et al.,
2007], we assume that our task rather stimulated intuitive
evaluation processes. Such evaluations, compared with
deliberate and reflective ones, do not rely on the integra-
tion of a wide range of social information and decision-
making processes and would rather trigger a prereflective
simulation process via the AON.

The AON is engaged by contingent movement
patterns

Confirming the initial hypothesis, we found stronger
engagement of the AON during the processing of contin-
gency of movement patterns: The comparison of contin-
gent to mirrored interaction sequences revealed clusters of
differential activation bilaterally in the STG/pSTS,
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Figure 3.
A: Differential neural activity for observing contingent compared
with mirrored movement patterns. B: Plots illustrate corre-
sponding contrast estimates obtained for the four stimulus cate-
gories for three different local maxima: left IPL (#48, #34, and
42), right pSTS (54, #42, and 8), and right IFG (56, 16, and 6).
Error bars represent standard errors. The principally activated

voxels are overlaid on the mean structural anatomic image of
the 21 male participants: P < .05, cluster-level corrected; L ¼
left hemisphere; R ¼ right hemisphere; IFG ¼ inferior temporal
gyrus; pSTS ¼ posterior superior temporal sulcus; IPL ¼ inferior
parietal lobule.
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extending posterior to the occipitotemporal region, the IPL
and the IFG, as well as the left FG.

The strongest increase in activity was shown in the right
STG/pSTS. This region is typically associated with the per-
ception of biological motion [for reviews see Allison et al.,
2000; Pavlova et al., 2012] but it is also activated by per-
ceiving movements of nonbiological agents, when exhibit-
ing intentionality as reflected by interactive dynamics
[Castelli et al., 2000; Gobbini et al., 2007; Santos et al.,
2008, 2010; Schultz et al., 2004, 2005]. The finding of this
study supports previous research that attests this region’s
involvement in the observation of human nonverbal inter-
actions [Centelles et al., 2011; Iacoboni et al., 2004; Kujala
et al., 2011; Walter et al., 2004]. This result corroborates the
idea that the pSTS plays a key role in social interaction
[Noordzij et al., 2009; Redcay et al., 2010] by being specifi-
cally involved in processing the social significance of
motion cues and their contribution to social communica-
tion [Zilbovicius et al., 2006].

The multimodal information in the STS is further proc-
essed by the IPL and by the IFG (pars opercularis) [Rizzo-

latti and Craighero, 2004]. Together, these two regions of
the AON are considered to facilitate the understanding of
intention from action [Hamilton and Grafton, 2007]. Paral-
leling the sensitivity of IPL and IFG for social contingen-
cies reported in this work, a top-down modulation of
these regions by social interaction has been attested by
previous research [Centelles et al., 2011; Gobbini et al.,
2007; Sinke et al., 2010]. Oberman et al. [2007a,b] for exam-
ple, used EEG to demonstrate modulations of the activity
in these regions by the degree of social interaction present
in 80 s long videos of a ball-tossing game.

The FG and occipitotemporal regions have been
involved in processing configurations of bodies in motion
[Grossman and Blake, 2002; Michels et al., 2005; Peelen
et al., 2006]. The hierarchical neural model of biological
motion perception proposed by Giese and Poggio [2003]
suggests that movement patterns may be encoded as
sequences of body postures in the ventral processing
stream. Thus, the network of brain areas involved in proc-
essing human movement may not include solely the so-
called ‘‘motion’’ dorsal processing stream but may extend
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Figure 4.
A: Regions of the SNN associated with the observation of vid-
eos with rigid compared with smooth movement velocity. B.
Plots illustrate corresponding contrast estimates obtained for
the four stimulus categories for two different local maxima: right
dmPFC (10, 46, and 28) and left TPJ (#42, #56, and 40). Error
bars represent standard errors. C: Interaction effect evaluating
brain regions more responsive to contingent than to noncontin-

gent videos when the motion was biological, than when it was
nonbiological. The principally activated voxels are overlaid on
the mean structural anatomic image of the 21 male participants:
P < 0.001, cluster-level corrected; extent threshold: 10 voxels; L
¼ left hemisphere; R ¼ right hemisphere; TPJ ¼ temporo-parie-
tal junction; dmPFC ¼ dorsomedial prefrontal cortex.
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to the so-called ‘‘form’’ ventral processing stream. We
would interpret the activation of the FG and the occipito-
temporal region in this study as reflecting additional
body- and posture-processing that is needed for represent-
ing two moving bodies in relation to each other as
opposed to one body and its identical reflection.

It has been proposed that the stronger recruitment of
the AON for processing communicative interactions is
likely due to the fact that processing the movements of a
dyad requires more complex action representations [Cen-
telles et al., 2011] than those of agents performing individ-
ual actions. However, in this study we extend previous
findings by showing that such complexity of action repre-
sentation is not merely determined by the communicative
nature of the observed behavior [Centelles et al., 2011] but
indeed by the relational context in which such behavior is
performed. Our findings suggest that the AON could be
considered an early key processing component that sup-
ports and contributes to the understanding of nonverbal
social interaction, and that an automatic movement analy-

sis might be performed to adequately understand an
observed agent’s social intentions [Gallese, 2006; Gallese
and Goldman, 1998; Jacob and Jeannerod, 2005].

Increased visual processing for mirrored movement
patterns

The inverse contrast of mirrored versus contingent
scenes demonstrated greater recruitment of the medial vis-
ual cortex, centered on the right lingual gyrus, bilateral
cuneus, and parahippocampal gyrus, as well as the PCC
and the dlPFC. The activation of the medial aspects of the
extrastriate cortex suggests an increased demand on visual
analysis, which may be related to the perception of sym-
metry. Sasaki et al. [2005] have previously found that sym-
metric compared with random dot stimuli activate the
extrastriate visual cortex. Moreover, these results are also
consistent with studies investigating not only texture, but
also shape symmetry discrimination. For instance, Wilkin-
son et al. [2000] used concentric radial frequency patterns,
which are characteristic of complex biological shapes and
found that they produced strong fMRI activation of
human extrastriate area V4 and the FG. The results of our
study are in line with such findings, by showing that the
perception of symmetrical moving bodies is processed,
among other regions, in medial extrastriate areas. More-
over, the parahippocampal gyrus has also been differen-
tially recruited during the processing of visual complexity
and may be tuned to represent the differences among
stimuli with a high degree of visual overlap or featural
ambiguity [e.g., Mundy et al., 2012]. Indeed, in this study,
the noncontingent condition consists of videos displaying
stimuli with ‘‘perfect visual symmetry’’ (i.e., twice the
same body performing identical movements simultane-
ously). When processing these videos, it is possible that it
is more challenging for the participants to represent differ-
ences between the two bodies, which is needed to judge
the plausibility and naturalness of the situation. Moreover,
the activation of the PCC and the parahippocampal gyrus,
two regions that are strongly interconnected [Vogt et al.,
1992], might also point to the assignment of mnemonic
associations to sensory input [PCC, e.g., Vogt et al., 1992;
parahippocampal gyrus, e.g., Bar et al., 2008]. Recent find-
ings have demonstrated the involvement of the parahippo-
campal gyrus in the re-activation of visual context (e.g., a
café) to mediate successful episodic memory retrieval
[Hayes et al., 2007], which may be important for associat-
ing a stimulus with actions that have been frequently
experienced in a given context. In the case of this task, this
may be necessary, to judge whether a perceived scene is
natural and plausible. It is likely that this may be more
challenging for the mirrored movement patterns compared
with the contingent ones, which allow for a much faster
association with experience in a prototypically similar
location. In this line, we assume that a mirrored dyad,
compared with a contingent one, poses a greater challenge

1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342

1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406

TABLE III.

Region

Cluster-Level

Side

MNI
Coordinates

TSize pFWE-corr x y z

1. Main effects
Kinematics: Rigid
> Smooth

Inferior frontal gyrus
(p. triang.)

818 0.000 L #54 24 24 4.85

Middle orbital gyrus L #30 46 #14 4.39
Angular gyrus 726 0.000 L #42 #56 40 4.72
Inferior parietal lobule L #50 #56 46 4.64
Superior parietal lobule L #36 #64 54 4.50
Dorsal medial

prefrontal cortex
452 0.001 R 10 46 28 4.70

Dorsal medial
prefrontal cortex

L #6 38 32 4.59

2. Interaction
Cingulate gyrus 370 0.004 L #10 #20 46 5.84
Cingulate gyrus R 8 #14 44 4.23
Supplementary

motor area
L #10 #8 64 3.61

Precentral gyrus 592 0.000 L #28 #20 50 5.04
Postcentral gyrus L #42 #28 60 4.35
Cingulate gyrus 342 0.006 L #8 4 40 4.80
Cingulate gyrus R 6 2 42 4.61

1. Regions more responsive to rigid compared with smooth kine-
matics. 2. Regions more responsive to the interaction effect evalu-
ating brain regions more responsive to contingent than to
mirrored videos when the motion was smooth, than when it was
rigid.
Abbreviations: k: number of voxels in a cluster; t: values of
regions active in each contrast; L: left hemisphere; R: right hemi-
sphere; p. triang.: pars triangularis.
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to the assessment of the positions of two bodies relative to
each other and to the environment.

In the following, we would like to consider the possibil-
ity of having used an alternative operationalization for
noncontingency. For instance, instead of replacing one
agent’s actions with the mirror image of the other agent,
we could have time-lagged their actions towards each
other. In such case, the contrast between contingent and
noncontingent interactions might not have shown a differ-
ential engagement of neural networks. This would be the
case, since viewers might interpret a relationship among
people moving on screen [Iacoboni et al., 2004], irrespec-
tive of contingency information. This, in turn, is most
likely because social contingencies in communicative inter-
actions are highly complex [Bigelow, 1999] and observers
might have a higher tolerance for variability and noise.
Interpersonal predictive coding [i.e., the perception of one
agent’s action has predictive value for the other agent’s
actions, Hirai and Kakigi, 2009; Neri et al., 2006] may
extend to socially interactive activities [Manera et al.,
2011]. However, this seems to be the case only for ritual-
ized behaviors, with a learned social response expectancy
(e.g., directives like ‘‘come here’’ or ‘‘sit down’’) and not
for more complex nonverbal contingencies. Thus, we argue
that alternative operationalization possibilities for noncon-
tingency in complex nonverbal social behaviors, would
probably not have completely eliminated the relational in-
formation between the two agents.

EFFECTS OF KINEMATICS

No biological bias for the AON

It has been suggested that the AON might be tuned spe-
cifically to biological motion since this type of kinematics
is what humans are most familiar with both due to experi-
ence and exposure [Bouquet et al., 2007; Casile et al., 2010;
Chaminade et al., 2010, 2012; Dayan et al., 2007; Kilner
et al., 2003; Press, 2011; Press et al., 2007; Tai et al., 2004;
Tsai and Brass, 2007]. However, research in this area is
still inconclusive [for contradicting results see: Cross et al.,
2012; Engel et al., 2008a,b; Gazzola et al., 2007; Gobbini
et al., 2011; Kupferberg et al., 2011; Oberman et al.,
2007a,b; Oztop et al., 2005; Saygin et al., 2011]. This lack of
consistency in previous findings may be due to differences
in top-down factors, which have been known to modulate
motor simulation effects [Liepelt and Brass, 2010; Müller
et al., 2011; Stanley et al., 2010; but see also Press et al.,
2006]. Confirming our initial hypothesis, the results of this
study contribute to this ongoing debate by clearly showing
no differential engagement of the AON for processing dif-
ferent motion kinematics, when the appearance informa-
tion is kept constant and the task requires intuitive
judgments to be made. Our finding is supported by previ-
ous research that used an implicit behavioral paradigm to
show that in a humanoid agent, an artificial movement ve-
locity profile might be familiar enough to be simulated

and is sufficient to cause motor interference [Kilner et al.,
2007; Kupferberg et al., 2011]. In this line, it has been sug-
gested that such effects are driven more by the end goals,
rather than by movement kinematics [Gazzola et al., 2007;
Hamilton and Grafton, 2008; Liepelt et al., 2008, 2010;
Longo et al., 2008]. We argue that, biological motion as
operationalized by fluent movements does not influence
the cognitive processes related to understanding actions in
a dyadic social interaction context.

An alternative account for this result is inspired by a
recent proposal by Cross et al. [2012]. The authors sug-
gest that there may be a nonlinear relationship between
the activity of the AON and action familiarity and that a
heightened AON response can be associated with both
highly unfamiliar and highly familiar actions compared
with actions that are at neither end of the familiarity con-
tinuum. Considering that the task instructions in this
study required participants to judge the ‘‘naturalness’’ of
perceived scenes based on their plausibility and familiar-
ity, we could assume that scenes perceived as natural
were also perceived as highly familiar and scenes per-
ceived as unnatural, as highly unfamiliar. Since our
results show considerable overlap in AON engagement
for both smooth (familiar) and rigid (unfamiliar) move-
ments compared with the scrambled videos, the direct
contrast of scenes containing fluent movements with rigid
ones, indeed would reveal no differential AON
activation.

Enhanced SNN activation for rigid motion

The processing of rigid, nonbiological compared with
fluent, biological kinematics revealed clusters of increased
neural activation in the left vlPFC (IFG) and in regions of
the SNN, namely, the left TPJ and the bilateral dmPFC. In
concordance with Zaki et al. [2010], we suggest that the
current activation pattern is related to cognitive control
processing and specific social inferential processing. The
engagement of the SNN is known to be triggered by con-
textual incongruencies and tasks focusing on mentalizing
or related capacities [Frith, 2007; Van Overwalle and Baet-
ens, 2009]. The perceived awkwardness of the rigid move-
ments is caused by a conflict between expected biological
and perceived nonbiological kinematics. This stimulus-
context conflict engages the pars triangularis of the IFG,
which has been previously involved in processing the
semantic content of an action, which is incongruent with
the context [Willems et al., 2007]. Subsequently, the
involvement of the TPJ and the dmPFC as fundamental
SNN components is required [Zaki et al., 2010]. Evidence
from functional neuroimaging studies shows that the TPJ
is associated with mental state attribution [e.g., Castelli
et al., 2000; Gallagher et al., 2000; Schultz et al., 2004;
Vogeley et al., 2001] and reasoning about others’ beliefs
[e.g., Aichhorn et al., 2009; Samson et al., 2004]. We
assume that our left-hemispheric TPJ activation might be
because nonbiologically moving humanoid characters pose
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a greater challenge to the processing of communicative
intentions [Centelles et al., 2011; Ciaramidaro et al., 2007].
With regard to the dmPFC, Frith [2007] summarizes that it
is recruited by mentalizing tasks that require the process-
ing of nonobservable mental states. Indeed, person percep-
tion tasks [e.g., Kuzmanovic et al., 2009; Mitchell et al.,
2002] and perception of social nonverbal interactions [Cen-
telles et al., 2011; Iacoboni et al., 2004; Kujala et al., 2011;
Walter et al., 2004] have all been found to engage this
region. In addition, the present dmPFC activation is
located in the same region of the dorsal paracingulate cor-
tex, which has been involved in the ascertainment of
human or intentional agency during the observation of
ambiguous stimuli [Stanley et al., 2010].

Alternatively, apart from suggesting mentalizing about
the characters on screen, the finding of SNN engagement
for rigid compared with smooth movements could also
indicate mentalizing about the experimenter. Since the
manipulation of the videos was announced, participants
may have attributed to the experimenter the intention of
deluding or misleading them in all instances when the ar-
tificial movement kinematics were presented. However,
participants were not asked to detect which videos were
based on the original live-action videos and which were
computer-manipulated. Instead, they were instructed to
make subjective judgments as to which nonverbal situa-
tions seemed plausible and natural to them, irrespective of
the origin of the video. Thus, we assume there was no
substantial need to think about the origin of the video or
the experimenter’s intention.

This result corroborates findings of a study by Chami-
nade et al., 2007, which found that reporting a motion as
artifical is more cognitively demanding. While they did
not find any additional SNN engagement, this may be due
to the nature of their stimulus material: The judgment of
running motion be it animated or motion captured, does
not require observers to mentalize about the underlying
intentions of the agents. Our results are, however, in con-
flict with those of a study by Gobbini et al. [2011], which
revealed that it was the observation of moving human
compared with robotic emotional faces, which evoked
stronger activity in regions of the SNN. It is important to
note that in the study by Gobbini et al. [2011] the effects of
the agents’ appearance might have overwritten more
subtle effects of their movement kinematics. This interpre-
tation is in concert with the idea that appearance informa-
tion, as a top-down factor, modulates SNN engagement
[Chaminade et al., 2007, 2012; Krach et al., 2008] and
argues for the dissociation of shape and motion in experi-
mental designs [Cross et al., 2012; Saygin et al., 2011; Shi-
mada, 2010].

We conclude that the present SNN finding reflects an
increased need for the inferential processing of intentions
‘‘behind’’ other persons’ actions or, in short, for ‘‘social
computation.’’ Our results show that this need increases
with atypical kinematic features of motion, which may
render social encounters ambiguous and/or awkward.

EFFECTS OF INTERACTION

The interaction evaluating brain regions more respon-
sive to the contrast between contingent and mirrored bio-
logical movement patterns, when the motion was smooth
rather than rigid, yielded activations in the left premotor
and somatosensory cortices, the left paracentral lobule
(extending to the SMA), as well as bilaterally in the mid-
dle cingulate cortex.

The SMA is part of the premotor node of the AON and
its involvement in the perception of nonverbal body move-
ments has been previously attested [Cross et al., 2006; Dec-
ety and Grèzes, 1999; Zentgraf et al., 2005]. The middle
cingulate cortex (MCC) is a so-called ‘‘cortical midline
structure,’’ which has been suggested to respond more in
conditions that are more self-relevant than the comparison
condition [Northoff et al., 2006]. Taken together, it is possi-
ble, though speculative, that an implicit self-reference is
established for scenes with contingent and smooth move-
ment patterns: Such scenes may be considered more simi-
lar to scenes that were experienced by oneself in the past.
This is additionally reflected by the behavioral interaction
effect suggesting highest ‘‘naturalness’’ ratings of these
videos.

Considering that individuals with Autism Spectrum Dis-
order have been shown to have both a compromised per-
ception of biological motion [for a review, see Kaiser and
Pelphrey, 2012], as well as a deficit in the detection of
social contingencies [Castelli et al., 2002; Gergely, 2001;
Klin, 2000], the current paradigm could be a useful tool to
investigate social interaction perception in this disorder of
social communication.

CONCLUSION

This research used a novel method to explore brain acti-
vations during the perception of nonverbal behavior in
communicative interactions. First, our study shows that
people are sensitive to both contingency information and
(to a lesser degree) to movement fluency, but that they
consider interactions to be most natural when movements
are both fluent and contingent. Second, we found that the
AON is preferentially engaged by contingency within
movement patterns and that this effect is driven by the
contingency information per se, not merely by the social
or communicative nature of the nonverbal behavior. In
addition, we have found that the AON does not discrimi-
nate between different movement velocities. These data
can be taken to suggest that a tight kinematics match is
not required to represent an end goal of a social action,
hence, arguing against a potential biological bias of this
network. Furthermore, regions of the SNN are engaged
when a mismatch between the knowledge with respect to
the agents’ biological nature on the one hand and their
nonbiological movements on the other prompts inferences
about the agents’ intentions.
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Rimé B, Boulanger B, Laubin P, Richir M, Stroobants K (1985).
The perception of interpersonal emotions originated by pat-
terns of movement. Motiv Emotion 9:241–260.

Rizzolatti G, Craighero L (2004): The mirror neuron system. Ann
Rev Neurosci 27:169–192.

Rizzolatti G, Fadiga L, Matelli M, Bettinardi V, Paulesu E, Perani
D, Fazio F (1996): Localization of grasp representations in
humans by PET: 1. Observation versus execution. Exp Brain
Res 111:246–252.

Samson D, Apperly IA, Chiavarino C, Humphreys GW (2004):
Left temporoparietal junction is necessary for representing
someone else’s belief. Nat Neurosci 7:499–500.

Santos NS, David N, Bente G, Vogeley K (2008). Parametric induc-
tion of animacy experience. Conscious Cogn 17:425–437.

Santos NS, Kuzmanovic B, David N, Rotarska-Jagiela A, Eickhoff
SB, Shah JN, Fink GR, Bente G, Vogeley K (2010): Animated
brain: A functional neuroimaging study on animacy experi-
ence. Neuroimage 53:291–302.

Sartori L, Becchio C, Castiello U (2011): Cues to intention: The
role of movement information. Cognition 119:242–252.

Sasaki Y, Vanduffel W, Knutsen T, Tyler C, Tootell R (2005): Sym-
metry activates extrastriate visual cortex in human and nonhu-
man primates. Proc Natl Acad Sci USA 102:3159–3163.

Saygin AP (2007): Superior temporal and premotor brain areas
necessary for biological motion perception. Brain 130:2452–
2461.

Saygin AP, Chaminade T, Ishiguro H, Driver J, Frith C (2011): The
thing that should not be: Predictive coding and the uncanny
valley in perceiving human and humanoid robot actions. Soc
Cogn Affect Neurosci 7:413–422.

Scholl BJ, Tremoulet PD (2000): Perceptual causality and animacy.
Trends Cogn Sci 4:299–309.

Schultz J, Imamizu H, Kawato M, Frith CD (2004): Activation of
the human superior temporal gyrus during observation of goal
attribution by intentional objects. J Cogn Neurosci 16:1695–
1705.

Schultz J, Friston KJ, O’Doherty J, Wolpert DM, Frith CD
(2005): Activation in posterior superior temporal sulcus par-
allels parameter inducing the percept of animacy. Neuron
45:625–635.

Serences JT (2004): A comparison of methods for characterizing
the event-related BOLD timeseries in rapid fMRI. Neuroimage
21:1690–1700.

Shimada S (2010). Deactivation in the sensorimotor area during
observation of a human agent performing robotic actions.
Brain Cogn 72:394–399.

Sinke CBA, Sorger B, Goebel R, de Gelder B (2010): Tease or
threat? Judging social interactions from bodily expressions.
Neuroimage 49:1717–1727.

Spunt RP, Satpute AB, Lieberman MD (2011). Identifying the
what, why, and how of an observed action: An fMRI study of
mentalizing and mechanizing during action observation.
J Cogn Neurosci 23:63–74.

Stanley J, Gowen E, Miall RC (2007): Effects of agency on
movement interference during observation of a moving dot
stimulus. J Exp Psychol Hum Percept Perform 33:915–
926.

Stanley J, Gowen E, Miall RC (2010): How instructions modify
perception: An fMRI study investigating brain areas involved
in attributing human agency. Neuroimage 52:389–400.

Tai YF, Scherfler C, Brooks DJ, Sawamoto N, Castiello U (2004):
The human premotor cortex is ‘mirror’ only for biological
actions. Curr Biol 14:117–120.

Tavares P, Lawrence AD, Barnard PJ (2008): Paying attention to
social meaning: An fMRI study. Cereb Cortex 18:1876–
1885.

Thioux M, Gazzola V, Keysers C (2008): Action understanding:
How, what and why. Curr Biol 18:R431–434.

Tsai C-C, Brass M (2007): Does the human motor system simulate
Pinocchio’s actions? Coacting with a human hand versus a
wooden hand in a dyadic interaction. Psychol Sci 18:1058–
1062.

Uddin LQ, Iacoboni M, Lange C, Keenan JP (2007): The self and
social cognition: The role of cortical midline structures and
mirror neurons. Trends Cogn Sci 11:153–157.

Van Overwalle F, Baetens K (2009): Understanding others’ actions
and goals by mirror and mentalizing systems: A meta-analysis.
Neuroimage 48:564–584.

Viviani P, Flash T (1995): Minimum-jerk, two-thirds power law,
and isochrony: Converging approaches to movement planning.
J Exp Psychol Hum Percept Perform 21:32–53.

Viviani P, Stucchi N (1992): Biological movements look uniform:
Evidence of motor-perceptual interactions. J Exp Psychol Hum
Percept Perform 18:603–623.

Vogeley K, Bussfeld P, Newen A, Herrmann S, Happé F, Falkai P,
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