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Studies on the neural bases of action perception have largely focused on the perception of

individual actions. Little is known about perception of joint actions where two or more

individuals coordinate their actions based on a shared intention. In this fMRI study we

asked whether observing situations where two individuals act on a shared intention elicits

a different neural response than observing situations where individuals act on their in-

dependent parallel intentions. We compared the neural response to perceptually identical

yet intentionally ambiguous actions observed in varying contexts. A dialog between two

individuals conveyed either a shared intention or two independent parallel intentions. The

dialogs were followed by an identical video clip where the two individuals performed

certain actions. In one task condition participants tracked the intentions of the actors, in

the other, they monitored moving colored dots placed on the same videos. We found that

in the intention task versus the color task, observing joint actions based on shared in-

tentions activated the temporal poles, precuneus, and the ventral striatum compared to

observing interactions based on parallel intentions. Precuneus and the temporal poles are

thought to support mental state reasoning, the latter with a more specific role in retrieving

memories associated with social scripts. Activation in the ventral striatum, an area

involved in reward processing, likely indicates a hedonistic response to observed shared

intentional relations similarly to those experienced when personally sharing mental states

with others.

© 2015 Elsevier Ltd. All rights reserved.
To navigate the social world we need to make sense of indi-

vidual actions as well as of actions performed jointly by

others. To date, research has largely focused on the processes

underlying the perception of others' individual actions.
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However, from a couple taking a walk to a chamber orchestra

performing amusical piece, social life aboundswith examples

of joint actions. Much is still unknown about the exact neural

processes underlying the perception of joint actions.
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Broadly defined, joint actions are social interactions where

two or more individuals spatially and temporally coordinate

their actions to bring about a change in the environment

(Sebanz, Bekkering & Knoblich, 2006). There is evidence sug-

gesting that we are attentionally and perceptually tuned in to

the joint actions we encounter. For instance, we can detect

contingencies between movement trajectories of different

agents, or arbitrary objects (for a review Scholl & Tremoulet,

2000), and distinguish joint actions from situations where

multiple people act independently even in perceptually

impoverished contexts (Centelles, Assaiante, Nazarian,

Anton, & Schmitz, 2011; Manera Becchio, Schouten, Bara &

Verfaille, 2011). Also, observing two people sharing attention

engages our own attention more so than when people are not

in any apparent interaction (Boeckler, Knoblich & Sebanz,

2011). This enhanced level of attention in turn can facilitate

learning, for example, of new words (Akhtar, 2005; O'Doherty

et al., 2011) or of new actions (Herold & Akhtar, 2008;

Nielsen, Moore & Mohhammedaly, 2012).

Further, our propensity to detect contingencies between

actions of individuals can elicit a tendency to ascribe mental

states to the agents that relate them to each other (Ip, Chiu &

Wan, 2006; Lakens, 2010; Lakens & Stel, 2011). For instance,

closer rapport (Miles, Nind & Macrae, 2009) and a sense of

unity (‘entitativity’, Lakens & Stel, 2011) is attributed to in-

dividuals who act in synchrony. In particular, we tend to think

that if agents move together, they must be doing so inten-

tionally (Ip et al., 2006; Lakens, 2010). We seem to be able to

recognize, as early as at 14 months, when individuals engage

in a complex intentional interaction and work together to

achieve a shared goal (Henderson & Woodward, 2011). Once

interacting individuals are perceived as a unity, they may

sometimes be attributed a group-mind, allowing the observer

to explain the behavior of the group in terms of group-level

mental states (Waytz & Young, 2012). In addition, once a so-

cial situation has been identified as an instance of joint action,

the relational mental states the observer ascribes to the

observed individuals allow for successful predictions

regarding how the interaction will unfold (Manera et al., 2011;

Sartori, Becchio & Castiello, 2011). These studies suggest that

we are not only perceptually sensitive to social interactions

we observe, but we also have a particular way of reasoning

about the mental states of those we observe interacting.

To corroborate these findings, recent neuroimaging studies

have shown that the brain network subserving the ability to

attribute mental states to individuals also supports observa-

tion of social interactions. This so-called mentalizing, or

theory-of-mind, networkecomprising the medial prefrontal

cortex (mPFC), the temporo-parietal junction (TPJ), the tem-

poral poles and the posterior cingulate (PCC) and/or the pre-

cuneuseis sensitive to processingmental states of individuals

across a variety of situations, including reading vignettes or

static cartoons, watching dynamic displays of characters (for

reviews, see Frith & Frith, 2010; Gallagher & Frith, 2003).

Robust responses in these regions are also noted when in-

dividuals are immersed in online interactions, such as playing

online interactive games with another human compared to a

computer (Gallagher, Jack, Roepstorff & Frith, 2002; McCabe,

Houser, Ryan & Trouard, 2011; Rilling et al., 2002; Rilling,

Sanfey, Aronson, Nystrom & Cohen, 2004).
Thementalizing network has also been implicated in tasks

that involve passive observation of others' social interactions.
Not only watching dynamic displays of contingent actions

performed by arbitrary shapes (Castelli, Happe, Frith & Frith,

2000), but also attending to complex social scenes that de-

pict multiple agents (Kujala, Carlson, & Hari, 2012; Pierno,

Becchio, Turella, Tubaldi & Castiello, 2008; Sinke, Sorger,

Goebel & de Gelder, 2010; Spiers & Maguire, 2006; Wagner,

Kelley & Heatherton, 2011) recruits the mentalizing network.

Particularly, compared to observing a single individual's ac-

tions observing an interaction (Becchio et al., 2012; Iacoboni,

Lieberman & Knowlton, 2004) and distinguishing point-light

displays of communicative exchanges between individuals

from displays of two agents acting independently also elicits

activation in these regions (Centelles et al., 2011). Together

these findings suggest that the mentalizing network serves

perception of social interactions by supporting the observer in

ascribing mental states to the observed agents, and in gener-

ating inferences about the nature of their interaction.

While behavioral cues can facilitate predictions and in-

ferences about observed actions, identical actions may be

based on different prior intentions (Jacob & Jeannerod, 2005).

That is, one and the same action e whether an individual or a

jointly performed one e may reflect various different under-

lying intentions. Many accounts of both individual and joint

action therefore emphasize the role of intention in dis-

tinguishing between different kinds of actions. In fact most

philosophers, although disagreeing on the precise nature of

shared intentions, believe that shared intentionality is what

characterizes joint actions (Bratman, 1992; Searle, 1990).

Accordingly, when individuals act together with a shared

intention, this constitutes a different instance than when in-

dividuals act in parallel with independent individual in-

tentions. To illustrate the distinction Searle offers the

following paradigm case (1990). Imagine a scenario where

people are scattered across a park sunbathing. Suddenly rain

starts pouring down and people run towards the nearest

shelter. Here each individual acts on an intention that is in-

dependent from the intentions of others. Imagine a second

scenario where the same park is used as a film set and the

same people are actually actors. Fake rain starts pouring down

and the actors run for the nearest shelter, in the same way as

in the first scenario. However, here the individuals have a

shared intention (i.e., to get the scene shot), which may

involve the interlocking of their individual intentions

(Bratman, 1992). The actions performed in these two scenarios

are ostensibly identical, however, the context in which they

occur distinguishes them in terms of the intentional relations

between those involved.

In the present study we asked which neural regions are

sensitive to observing individuals acting on shared intentions

compared to observing individuals acting on independent

intentions that run in parallel. To that end we showed par-

ticipants perceptually identical video clips depicting two

people engaged in action. These clips were ambiguous in

terms of the intentionality of the people observed. We

embedded the clips in varying contexts that were established

by dialogs presented prior to the action videos. In one case the

dialog conveyed a shared intention where the actors agreed

on doing something together (i.e., shared intention). In the
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other case, actors expressed independent individual in-

tentions (i.e., parallel intentions). We compared the neural

response to the action videos in the Shared Intention condi-

tion to the neural response to the Parallel Intentions condi-

tion. In the following we outline three specific aims of our

study.

Our first aim was to test whether observing actions per-

formed with a shared intention, where the observed in-

dividuals' intentions are ‘interlocked’ (Bratman, 1992),

differentially engages the mentalizing network compared to

observing the same actions performed with independent in-

tentions. Neuroimaging evidence sketched above demon-

strates that the theory of mind network is sensitive to

observing social interactions, when the task concerns

attending or identifying the nature of the interaction taking

place. This implies something about tracking intentional re-

lations between the observed agents (Centelles et al., 2011;

Iacoboni et al., 2004; Kujala et al., 2012; Sinke et al., 2010).

Particularly the mPFC node of this network seems to be sen-

sitive to inferring social intentions, that is when an in-

dividual's intention references another person, either when

it's directed at the observer himself (Grezes, Frith, &

Passingham, 2004) or at a third individual (Centelles et al.,

2011; Ciaramidaro et al., 2007; Iacoboni et al., 2004; Kujala

et al., 2012; Sinke et al., 2010; Walter et al., 2004). Accord-

ingly, if processing intentional relations involves mentalizing

related computations, then observing individuals act with a

shared intention should yield increased activation in the

mPFC compared to when they act independently.

Our second aim was to determine whether similar neural

processes are involved when observers explicitly and implic-

itly keep track of intentional relations behind observed ac-

tions. There is behavioral evidence to suggest that mental or

perceptual states of others are represented implicitly even

when it is not required by the task (Kovacs, Teglass& Endress,

2010; Samson, Apperly, Braithwaite, Andrews & Bodley-Scott,

2010; van der Wel, Sebanz, & Knoblich, 2014). Converging ev-

idence come from neuroimaging studies that demonstrated

the involvement of the mentalizing network when partici-

pants spontaneously attributed mental sates to others

(Schneider, Slaughter, Becker & Dux, 2014). A few studies that

investigated unattended or spontaneous observation of social

situations also implicated these cortical regions (Sinke et al.,

2010; Wagner et al., 2011). We asked if implicit tracking of

intentional relations in the context of joint action also recruits

the mentalizing network. To address this question we

included two different tasks using the same stimuli (i.e.,

Intention task and Color task). In the Intention task we asked

participants to detect mismatches between the intentions the

actors had expressed in the dialog events and what they

subsequently did. This creates an explicit demand on moni-

toring the intentions underlying the actions observed. In the

Color task participants were asked to detect a color change in

dots superimposed on the videos. This only required moni-

toring visual features of the observed actions. The aim of this

manipulation was not to make it impossible to explicitly track

mental states in the color task, but to test whether the men-

talizing network would be recruited to the same or to a lesser

extent when explicit mental state tracking was not demanded

by the task. If intentional relations are implicitly monitored
even when this is irrelevant for task performance, then we

should find the same neural areas to be recruited in both the

Intention and the Color tasks.

Finally, the third aim of the study was to determine

whether observing joint actions based on shared intentions

elicits a reward response in the observer, which would be re-

flected in activations in the reward-relevant neural network,

particularly in the ventral striatum. Numerous studies have

implicated this area when people are actively engaged in so-

cial interactions with others, for example when acting in

synchrony (Miles, et al., 2009), engaging in direct eye gaze

(Pfeiffer et al., 2014; Redcay et al., 2010; Schilbach et al., 2010)

or when cooperating with others (Rilling et al., 2002). There

has been much debate as to whether being engaged in social

interaction is fundamentally different from observing others

engaging in social interaction (de Jaegher, di Paolo, &

Gallagher, 2010), or whether others' intentional relations to

objects and other people can be easily mapped onto our own

experiences (Barresi & Moore, 1996). The latter view rests on

the assumption that humans have evolved the ability to

integrate first and third person information about intentional

actions ( Barresi & Moore, 1996). In support of this view, it has

been shown that observing others share eye gaze has similar

effects on gaze following as being directly looked at oneself

(Boeckler et al., 2011). Accordingly, it could be that observing

others acting on the basis of shared intentions elicits similar

affective responses as being directly engaged in social in-

teractions that rely on shared intentions. This would be re-

flected in increased activation of the ventral striatum in the

Shared Intention condition when compared with the Parallel

Intentions condition.
1. Method

1.1. Participants

21 native speakers of Dutch (9 females; M age ¼ 22, SD ¼ 2.93)

participated in this study and received monetary compensa-

tion. Out of those 21 participants the data from five were

excluded from the analysis due to excessive headmovements

(>5 mm) or other technical difficulties at the time of data

collection. All participants were right handed and had normal

or corrected sight. The study was approved by the local ethics

committee and complied with the Declaration of Helsinki.

1.2. Stimuli and design

Video clips of two people performing actions were embedded

in varying contexts that framed the way the videos could be

interpreted. Context was established bymeans of a dialog that

took place between the actors, which was presented prior to

the action video. In the Shared Intentions (SI) condition, two

people were heard to agree on doing something together (e.g.,

A: Shall we set the table? B: Yes good idea!). This was followed

by the action video where two actors were engaged in action.

In the Parallel Intentions (PI) condition the identical action

videowas preceded by a different dialog, where actors express

independent intentions (e.g., A: Shall we set the table? B: No I

think I'll clean the cutlery). We added a third condition,

http://dx.doi.org/10.1016/j.cortex.2015.05.027
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Individual Intention (II) condition, in which the dialog por-

trayed only one actor expressing an intention (e.g., A: What

are you going to do? B: I think I'll clean the cutlery). Here, in the

action video that followed only one of the actors engaged in an

action and was passively observed by the other. We included

two tasks in the paradigm that were blocked. In both tasks the

participants were instructed to count ‘mismatch trials’within

each block. In the mismatch trials of the Intention Task the

content of the action video did not match the content of the

dialog video. In the Color Task, two colored dots that followed

the actions of the actors were superimposed on the action

videos that were presented in the Intention task. Here the task

was to detect the trials where one of the dots changed color.

The stimuli consisted of two types of videos: dialog videos

and action videos. We recorded the videos in an actual

apartment for natural scenery. In action videos, two different

mixed-gender pairs acted out five different scenarios: clean-

ing the living room, setting the dining table, repairing the TV,

folding the laundry, and making coffee. For example, in the

cleaning scenario one of the actors sprayed cleaning liquid on

a dining table andwiped it with a paper towel. The other actor,

standing at the other end of the table, removed some books

from a bookshelf located behind the actor and placed them on

the table. The actors did not engage in eye contact during the

videos, and no verbal or non-verbal communication took

place. In the dialog videos that were presented prior to the

action videos, a still photograph of the room set-up was seen

while the dialog between the actors was overheard. In the

Shared Intentions dialog (SD), the actors agreed on cleaning

the living room together. In the PI dialog (PD) one actor

expressed the intention to clean the living room, while the

other expressed the intention to search for a book. Additional

videoswere recorded formismatch trials of the Intention task.

For example in the cleaning scenario, following the dialog, the

actors were seen playing cards in the same setting.We piloted

the stimuli prior to the scanning session. In a two choice task

participants were asked after each trial (dialog video þ action

video) whether the trial was a match or a mismatch. The

difference in accuracy scores between mismatch and match

trials was not significant (mismatch: M ¼ 96%, SD ¼ 3.6,

match: M ¼ 86%, SD ¼ 15.7, p > .05).
Fig. 1 e Schematic illustrati
The same videos were further processed to create the

stimuli used for the Color task. The action videos were

superimposed with two colored dots, one placed on each

actor. These dots followed the actions of the actors. For the

mismatch trials in the Color task one of the two dots changed

color at a particular time point. The average time the partici-

pants required to categorize each video as a match or a

mismatch in the pilot study determined the time point for the

color change of the dot in the Color task. All videos were

processed using Adobe Premiere Pro CS4. The sound files in

the dialog videos were equalized using EQ Filtering 2.0 (www.

sens.com) software to correct for the distortion created byMRI

signal.

1.3. Procedure

Having provided informed consent, participants received in-

structions and were familiarized with the task in a short

practice run before the scanning session. The practice task

included different videos than the ones included in the

experiment. The experiment which included the within-

subjects factors Intention and Task, consisted of 126 trials in

total, equally distributed across the three Intention conditions

(Shared Intention, Parallel Intentions, Individual Intention).

The Color task comprised 60 trials, whereas the Intention task

comprised 66. The extra six trials in the Intention task were

the mismatches, where the action videos had a different

content than any of the five scenarios. The trial types (five

scenarios, two actor pairs, and two actor locations) for each of

the two tasks (Intention and Color) were randomized across

the experiment. In one such trial type Actor A started the

dialog and B responded, which was followed by the action

video where A was seen on the left part of the screen and B on

the right. In another trial type B started the dialog and was

seen on the left part of the screen in the subsequent action

video. Tasks were blocked, and blocks were presented in

random order. Each block consisted of 10 (Color task) or 11

trials (Intention task). Each trial (Fig. 1) commenced with a

fixation cross which was succeeded by the dialog video that

lasted for approximately 3 sec. A jittered delay of 5e7 sec

separated the dialog event from the action event. The
on of an example trial.
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duration of the action events varied between 11 and 13 sec

depending on the scenario. This was followed by a jittered

inter-trial interval (ITI; 5e7 sec). The task question was pre-

sented in the beginning of each block. For the Intention task

the question was “In how many of the following videos did the

actors not do what they had agreed to do?”, and for the Color task

the question was “In how many of the following trials does one of

the moving dots change color?”. At the end of the block partici-

pantswere prompted to provide a response by choosing one of

the given 4 options (0, 1, 2 or 3) via the button-box placed

under their right hands. Stimuli were presented with Pre-

sentation® software (www.neurobs.com).

1.4. Neuroimaging data acquisition

Participants lay in the scanner in supine position. Visual

stimuli were presented on a computer screen outside of the

scanner, which participants could see via mirror-glasses.

Participants' heads rested within a 32-channel head array

coil and was secured with pads and masking tape. T2-

weighted echo-planar imaging blood-oxygenation-level-

dependent (EPI-BOLD) fMRI measurements were acquired in

34 axial slices in ascending ordering (3 mm thickness, .5 mm

slice gap) with a Siemens Trio 3T system using a 5 pulsemulti-

echo sequence (TE durations of 6.9,16.2, 25, 35, 44 msec,

TR¼ 2.19 sec, flip angle¼ 80deg, isotropic voxel size¼ 3.5mm,

FoV ¼ 224 mm). Following functional imaging T1-weighted

images were obtained (TR ¼ 2.3 sec, TE ¼ 3.03 msec).

1.5. Neuroimaging data analysis

The fMRI data were analyzed in an event-related manner

within the general linear model, using SPM8 software

(Welcome Department of Imaging Neuroscience, London,

UK) and Matlab R2007b (The MathWorks Inc., Natick, MA,

USA). The 5 pulse multi-echo images were combined with an

ad hoc Matlab script. Standard spatial pre-processing (spatial

realignment, slice-time correction, normalization to MNI

space and spatial smoothing with a 6 mm Gaussian kernel

(Friston et al., 1995) was performed. For the statistical anal-

ysis, the dialog and action events were modeled as the events

of interest for each condition. A jittered null event (5e7 sec)

placed between the dialog and action events allowed the two

events to be analyzed separately. 12 regressors were created

for the six conditions (three action conditions � two tasks)

with two events in each condition (dialog and action).

Mismatch trials were modeled as separate regressors and

were not included in further analyses. All regressors were

convolved with a canonical hemodynamic response function

(HRF). To correct for motion-related artifacts, we modeled

subject-specific realignment parameters as covariates of no

interest. To account for the inter-subject variability in the

group analysis, linear contrasts of regression coefficients

were computed at the individual subject level and then taken

to a group-level random-effects analysis. The group analysis

consisted of one-sample t-tests of the contrast images of all

participants that indicated whether observed differences

between conditions were significantly distinct from zero, or

of paired t-tests of contrast images to analyze the statistical

difference between. To protect against false-positive
activations a double threshold was applied, by which only

regions with a z-score exceeding 2.94 (p < .005, uncorrected,

and to p < .05, corrected) and a volume exceeding 60

contiguous voxels (corresponding to p < .05, corrected) fell

above the threshold. This was determined in a Monte Carlo

simulation using a Matlab script provided by Scott Slotnick

(http://www2.bc.edu/-slotnics/scripts.htm).
2. Results

2.1. Behavioural results

Due to a technical problem we were not able to acquire

behavioral data from four out of 16 participants. The task was

to count the number of mismatch trials within each block of

trials. Participants correctly counted 71 of the 74 mismatches

in the Color task (one sample t-test, t(11)¼ .737, p > .05; a¼ .05;

d ¼ 2.08). In the Intention task they overestimated the occur-

rence of mismatches (mean occurrence ¼ 74, mean reported

count¼ 150, one sample t -test, t(11)¼ �5.175, p < .001; a ¼ .05;

d¼ 1.4). Performancewas thus better for the Color task (paired

samples t-test, t(11) ¼ 7.65, p < .05; d ¼ .8).

2.2. Neuroimaging results

The primary question of this study was whether any neural

regions would be more sensitive to SI in observed social in-

teractions than to multiple II when attending to intentions

relative to when attending to perceptual events. To answer

this question we first set out to investigate the main effects

of the factors Intention and Task. When contrasting

the Intention task against the Color task

([SIintention þ PIintention] > [SIcolour þ PIcolour]) we noted activa-

tions in the postcentral gyrus bilaterally, and the temporal

pole in the right hemisphere (Table 1). In the reverse contrast,

activity in the bilateral middle occipital gyri, right fusiform

gyrus, left superior parietal lobe, rightmiddle frontal and right

precentral gyri were noted (Table 1).

To explore the interaction between the factors

Intention (Shared vs Parallel) and Task (intention vs color)

we carried out the following paired t-test:

([SIintention > PIintention] > [SIcolour > PIcolour]) An interaction

effect was associated with activation in the bilateral middle

frontal gyri, left precentral and superior frontal gyri (SFG),

posterior cingulate/precuneus, right temporal pole, nucleus

accumbens bilaterally, right Heschl's gyrus, thalamus/

caudate and the cerebellum (Table 1, Fig. 2).

To further scrutinize the interaction between the Intention

and Task factors we carried out the following simple con-

trasts. The contrast between SI and PI in the Intention task

(SIintention > PIintention) revealed activations in the rostral part

of the anterior cingulate cortex (rACC) bilaterally, bilateral SFG

including pre/postcentral gyrus of the left hemisphere,middle

cingulate gyrus and the precuneus, bilateral superior tempo-

ral gyri and medial parts of the temporal poles. Additional

activations were found in midline thalamus, right caudate

nucleus and right nucleus accumbens, and finally in the cer-

ebellum (Table 1). Conversely, when PIwere contrastedwith SI

(PIintention > SIintention) no suprathreshold activations were

http://www.neurobs.com
http://www2.bc.edu/-slotnics/scripts.htm
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Table 1 e Differential neural activations noted in (A). the
paired-test [SIintention > PIintention] > [SIcolour > PIcolour] (B).
Main effects, and (C). Simple contrasts. (voxel level p< .005,
and cluster corrected for multiple comparisons, p < .05,
unless otherwise indicated). Anatomical regions defined
by the SPM Anatomy toolbox.

Anatomical region MNI coordinates Cluster
size

Z

x y z

A. Interaction effect

[SIintention > PIintention] > [SIcolour > PIcolour]

Middle frontal gyrus 24 16 46 2869 4.78

Precentral sulcus �32 �8 42 149 3.83

Superior frontal gyrus �20 8 60 416 3.68

Middle frontal gyrus/

Frontal Pole

�26 54 26 983 3.64

Precuneus/PCC 6 �38 46 723 4.12

Temporal pole 34 20 �36 189 3.96

Heschyl's gyrus 50 �16 4 75 3.17

Thalamus/caudate 8 �4 4 1010 3.64

Thalamus/caudate �16 �24 16 109 3.06

Nucleus accumbens �18 10 �12 240 3.61

Nucleus accumbens/

putamen

28 �8 4 <60 3.27

Cerebellum 0 �50 6 971 3.58

16 �32 �38 109 3.06

46 �52 �28 239 3.19

�10 �34 �40 992 4.01

B. Main effects

Intention (SI > PI)

Middle temporal gyrus �52 �22 0 70 3.78

Superior occipital gyrus 24 �102 8 124 3.19

Middle occipital gyrus �34 �80 2 65 3.17

Intention (PI > SI)

None

Task (Intention > Color)

Postcentral gyrus 48 �30 52 399 3.64

�50 �24 46 71 2.95

Middle temporal pole 56 10 �34 61 3.17

Task (Color > Intention)

Middle occipital gyrus �38 �72 14 1852 3.91

30 78 18 118 4

Fusiform gyrus 28 �74 �8 93 3.16

Superior parietal lobule �20 �58 52 173 3.26

Inferior frontal gyrus 48 18 6 502 3.7

Precentral gyrus 36 �2 48 320 3.58

Middle frontal gyrus 36 34 24 140 3.28

C. Simple contrasts

SIntention > PIintention
rACC 6 36 8 173 3.56

�4 40 12 <60 3.01

Precuneus/PCC �12 �38 36 288 3.36

Middle frontal gyrus 32 30 42 593 4.04

�24 6 68 760 3.83

Frontal pole �16 62 16 331 3.93

Postcentral gyrus �32 �32 56 70 3.42

Temporal pole �18 0 �34 152 3.41

�20 �28 �14 72 3.32

�18 0 �34 96 3.36

Superior temporal gyrus �50 �20 8 902 3.88

52 �16 4 91 3.48

Putamen 26 10 �12 84 3.12

Caudate 24 2 16 376 3.61

Cerebellum 48 �52 �28 206 3.75

22 �32 �28 472 3.71

�14 �34 �32 627 3.89

Table 1 e (continued )

Anatomical region MNI coordinates Cluster
size

Z

x y z

PIintention > SIintention
None

SIcolour > PIcolour
None

c o r t e x 7 0 ( 2 0 1 5 ) 9 0e1 0 0 95
observed. The contrast between SI and PI events in the Color

task (SIcolour > PIcolour) yielded no significant activations either.

As for the Individual Intention condition, the contrast be-

tween SI and the Individual Intention in the Intention task

(SIintention > IIintention) revealed significant activations (Table 2)

in bilateral occipital cortices, bilateral superior temporal gyri,

overlapping with auditory cortices and flowing posteriorly

towards the TPJ, bilateral pre/postcentral sulci as well as the

left frontal eye field, left frontal pole, precuneus and the left

superior parietal lobule. PI when contrasted with Individual

Intention in the Intention task (PIintention > IIintention) recruited

the occipital cortices and the superior temporal gyri

bilaterally.
3. Discussion

We set out to investigate whether observing social in-

teractions with shared intentions recruits different neural

regions than observing social interactions with multiple in-

dependent intentions, when either attending to the intentions

of those involved in the interactions or when attending to

visual features of the stimuli. To that end, we compared the

BOLD response evoked by observing perceptually identical yet

intentionally ambiguous joint actions embedded in two

different intentional contexts (i.e., Shared Intentions

vs Parallel Intentions) and in two different task settings (i.e.,

attend to intention vs attend to color). Our main contrast of

interest was between the Shared Intention condition and the

PI condition in the Intention task versus the Color task

([SIintention > PIintention] > [SIcolour > PIcolour]). This interaction

test revealed activations in the right temporal pole, pre-

cuneus/PCC (posterior cingulate), and bilaterally in the ventral

striatum, as well as in the bilateral superior frontal gyri

(SFG) and the left frontal pole. We focus on these results in the

following.
3.1. Mentalizing

Our first aim was to investigate whether processing inten-

tional relations where the observed individuals' intentions are
‘interlocked’ (Bratman, 1992), involves mentalizing related

computations. If shared intentionality in observed joint ac-

tions called upon processes involved in representing mental

states of others'more than observing actions that appear to be

guided by parallel intentions, this should manifest itself in

increased activations in the mentalizing network in the

Shared Intention condition compared to the Parallel In-

tentions condition. Both the interaction analysis of the factors

http://dx.doi.org/10.1016/j.cortex.2015.05.027
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subject T1 (voxel p < .005, cluster p < .05).
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Intention and Task, and the simple contrast between Shared

Intentions and Parallel Intentions conditions in the Intention

task revealed activation in two areas of the mentalizing

network, namely, the bilateral temporal poles and the pre-

cuneus/posterior cingulate (PCC). Other than participating in

theory of mind reasoning, the precuenus/PCC seems to take

on a more general role in social cognition (Amodio & Frith,

2006). It is involved in self-awareness and self-related pro-

cessing as well as when thinking about intentions of one's
own (Den Ouden, Frith, Frith, & Blakemore, 2005; Sommer
Table 2 e Differential neural activations noted in simple
contrasts (A). Shared Intentions and Individual Intention
in the Intention task, and (B). Parallel Intentions and
Individual Intention in the Intention task (voxel level
p < .005, and cluster corrected for multiple comparisons,
p < .05).

Contrast Coordinates
(x. y, z)

Cluster
size

Z

A. SIintention > IIintention
Heschl's gyrus 58 �20 6 2096 4.92

�50 �20 6 2442 4.73

Middle frontal gyrus �36 16 52 546 3.88

�26 56 8 259 3.25

42 20 48 92 3.16

38 60 10 64 3.22

Postcentral gyrus �28 �40 62 130 3.32

56 �24 56 239 3.29

8 �44 68 209 3.15

�30 �56 60 66 2.79

Superior fontal gyrus �10 28 60 134 3.19

Precuneus 10 �44 12 222 3.24

Cuneus 10 �94 14 7904 4.72

Cerebellum 48 �60 �26 220 3.26

B. PIintention > IIintention
Cuneus 20 �96 18 1890 4.7

�30 �76 �2 1718 4.54

Heschl's gyrus 58 �20 6 203 3.31

�50 �22 4 161 3.13

Middle frontal gyrus �38 14 48 100 3.06

Cerebellum �44 �74 �20 82 3.04
et al., 2007), and intentions of others' (Abraham, Werning,

Rakoczy, von Cramon, & Schubotz, 2008). Activity in these

regions is observed also when the task demands compre-

hension of cooperation or intentional deception as aspects of

different intentional relations (Lissek et al., 2008). Impor-

tantly, precuneus has been found to support observing in-

teractions taking place between others (Iacoboni et al., 2004;

Kujala et al., 2012; Petrini, Piwek, Crabbe, Pollick, & Garrod,

2014; Sinke et al., 2010).

The temporalpoleshave traditionally been implicated in the

storage and retrieval of semantic information, and are thought

to play a supporting role inmental state reasoning (Gallagher&

Frith, 2003). They are found active both in complex offline

(Abraham et al., 2008; Calarge, Andreasen & O’Leary, 2003;

Funnell, 2001; Ross & Olson, 2010), as well as in online men-

talizing tasks (Assaf et al., 2009; Gallagher et al., 2002; Rilling

et al., 2002) especially when the task involves a social story.

Be it in the formofanonline interaction, awrittennarrativeor a

comic strip, these tasks include a social script that captures

conventions of conduct in particular situations. Social scripts

are thought to aidprocessingof social situations as they outline

the behavior of the interacting individuals in compliance with

socially accepted practices. For example a script for dining at a

restaurant entails the waiter seating the customers, bringing

their order and ends with the customer paying the bill at the

table. Patients with lesions of the temporal poles have been

noted to struggle in acting according to these scripts (Funnell,

2001). Recent neuroimaging investigations of third-person

viewings of social interactions also implicate the temporal

poles when the task involves attending to the nature of the

interaction taking place between twopeople (Kujala et al., 2012;

Sinke et al., 2010; Spiers & Maguire, 2006; Wagner et al., 2011).

Regarding the current study, we believe that the dialogs

signaled an upcoming shared intentional interaction, which

activatedcorresponding social scripts, reflected in the temporal

pole activation. Social scripts are particularly relevant for social

interactionswhere individuals act on a shared intention, as the

interaction needs to follow certain rules of social conduct

stipulated by the scripts (Gilbert, 2009). This is not somuch the

http://dx.doi.org/10.1016/j.cortex.2015.05.027
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case when people act independently, which could explain the

weaker response in the Parallel Intentions condition.

The interaction analysis did not result in differential sig-

nals in the other two regions of the theory-of-mind network.

These areas are the temporo-parietal junction (TPJ) and the

medial prefrontal cortex (mPFC). The respective roles of these

two areas mental state reasoning are still subject to debate in

the field. Although the mPFC is commonly found in mental-

izing tasks, including those that involve processing social in-

teractions, it has been argued that the function of this area in

mental state reasoning is not restricted to representation of

mental states, but ismore generalizable to processing social or

emotional information of others (Saxe & Powell, 2006). Mental

state representation, this account contends, is associatedwith

TPJ activation. A study by Jenkins andMitchell (2009) sought to

differentiate two confounding aspects of commonly used ToM

tasks: inferring intentions of others when the context is

ambiguous, and representing different types of mental states

(e.g., beliefs, intentions etc.). They found that while the latter

process engages the TPJ, making sense of others' behavior
when the situation is not sufficiently clear recruits the mPFC.

Indeed, the tasks employed in the studies that implicate this

region in ascribingmental states to single individuals required

participants to resolve ambiguities in the stimuli and found

mPFC to be differentially involved when comparing social to

non-social conditions (e.g., De Lange, Spronk, Willems, Toni,

& Bekkering, 2008). The studies investigating observation of

interactions that implicated the mPFC also employed tasks

that particularly required drawing mental state inferences in

order to disambiguate and categorize the said social interac-

tion (Centelles et al., 2011; Iacoboni et al., 2004; Kujala et al.,

2012; Sinke et al., 2010; Spiers & Maguire, 2006; Wagner

et al., 2011). This was not the case in the current study. In

the current study the information pertaining to the intentions

of the observed individuals was made available to the partic-

ipants via the dialogs before they observed the interactions.

This may explain the lack of mPFC activation in our results.

Whether processing mental states selectively recruits the

TPJ (Jenkins & Mitchell, 2009; Saxe & Wexler, 2005), or the

mPFC (Gallagher & Frith, 2003; Walter et al., 2004), the lack of

activation in either of these areas in our results suggests that

the brain is impartial to shared intentions and parallel in-

tentions in observed social interactions with respect to the

computations underpinning mental state representations. It

has been proposed that the role of this computation is to

decouple others'mental states fromone's own (Leslie, German

& Polizzi, 2005). Whether individuals act with a shared

intention or with independent parallel intentions, both cases

comprise two agents with two respective intentions, which

remain decoupled from one another. In both cases processing

the intentional relation involves second-order theory of mind

reasoning (Frith, 2007) to comparable extents in the two con-

ditions. As Bratman argues (1992) what separates SI from in-

dependent intentions is not their constitution, it is the way

they are organized. Accordingly, shared intentions are ordi-

nary intentions that are interlocked, processing which does

not seem to additionally burden neural areas associated with

representing mental states.

In addition, the simple contrast between Shared In-

tentions and Parallel Intentions in the Intention task
(SIint > PIint) revealed a very similar pattern of activation as

observed in the interaction analysis reported above. Howev-

er, no suprathreshold activity was detected in the opposite

contrast (PIint > SIint). In all, this unidirectional difference in

the neural response between Shared Intentions and Parallel

Intentions conditions when the task was to attend to in-

tentions, suggests that observing social interactions with

shared intentions has increased processing demands

compared to observing individuals who act independently.

This relative demand seems to be related to the (explicit)

tracking of interlocking intentions, which involves social

cognitive processes.

3.2. Expectation of interlocked intentional actions

Are there other neural regions involved in computing inter-

locking of intentions in observed shared intentional actions?

Two other regions that were found significant in the interac-

tionanalysis arepossible candidates; thebilateral superior and

middle frontal gyri and the frontal poles (Fig. 2). Frontal poles

have been implicated in integrating two or more separate

cognitive operations in pursuit of higher goals (Ramnani &

Owen, 2004), for example in multi-task coordination (Gilbert,

Spengler, Simons, Steele, Lawrie et al., 2006), or in coopera-

tive social interactions (McCabe et al., 2011). Superior frontal

gyrus and the frontal poles have been associated with orga-

nization of sequential movements towards a desired final goal

(Majdanzic et al., 2007; Van Schie & Bekkering, 2007). This

suggests when perceiving joint actions, single actions of the

partaking individuals are perceived as interlocking interme-

diary steps towards the attainment of the final goal. The acti-

vations we found in the SFG and the frontal pole in this

contrast suggest that on the basis of the prior information

provided with the dialogs people expect the upcoming

observed action to be coordinated and interlocked in the

Shared Intention condition. This may have lead them to

monitor these actions as if they were indeed interlocked, even

though they were perceptually identical to the actions in the

Parallel Intentions condition. This implies a difference in

processing of the otherwise identical stimuli. It is possible that

the prior contextual information provided with the dialogs set

the system to anticipate a certain contingency between the

actions of the observed individuals. The expected contingency

could explain the activation also noted in the cerebellum, an

area known for its involvement in monitoring temporal as-

pects of movements (Schubotz, Friederici & von Cramon,

2000).

3.3. Spontaneous monitoring of intentional relations

Recent behavioral evidence suggests that mental states of

others can be computed implicitly (Kovacs et al., 2010; Samson

et al., 2010), with associated activity in the mentalizing

network (Scheider et al., 2014). Our second aim was to test

whether intentional relations in observed interactions are

also processed implicitly. We addressed this question by

including the Color task, which was a perceptual task

requiring participants to attend to the visual features of the

stimuli. Monitoring the intentions behind the observed in-

teractions was not relevant for this task. Therefore any

http://dx.doi.org/10.1016/j.cortex.2015.05.027
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mentalizing related activity found in this task

(SIcolour > PIcolour) would have indicated an implicit processing

of intentional relations in the observed actions. However, this

contrast did not reveal any significant activation in the men-

talizing network, or elsewhere. This indicates that partici-

pants did not automatically track the observed agents'
intentions in the Color task.

3.4. Reward processing

A further aim of the study was to determine if observing

actions performed with shared intentionality triggers neural

activity in reward areas in the onlookers. Indeed we found

activation in the ventral striatum (nucleus accumbens),

bilaterally. These areas (Izuma, Saito & Sadato, 2008) are

involved in evaluation of social rewards (e.g., Delgado,

Stenger & Fiez, 2004), such as money or reputation (Elliott,

Friston & Dolan, 2000; Izuma et al., 2008). Just as in primary

rewards, the reward circuitry mediates learning of contin-

gencies between actions and their social rewards. Of partic-

ular interest, a number of neuroimaging studies detected

activity in these areas when people were engaged in online

social interactions where there is mutual contingency be-

tween the interacting individuals, compared to when in-

dividuals' actions are not contingent on one another

(Behrens, Hunt, Woolrich & Rushworth, 2008; Walter, Abler,

Ciaramidaro & Erk, 2005). From minimal cases such as

interpersonal gaze (Kuzmanovic et al., 2009; Pfeiffer et al.,

2014; Redcay et al., 2010; Schilbach et al., 2010; Williams,

Waiter, Perra, Perrett, & Whiten, 2005) or simple in-

teractions such as playing ball with avatars (David et al.,

2006), to more complex ones that require reciprocal cooper-

ative behavior, for example in neuroeconomic trust games

(Rilling et al., 2002), social interactions of a range of

complexity call on these areas. This suggests that interacting

with others where there is mutual contingency between in-

dividuals' behavior generates a rewarding experience. What

our findings suggest is that a similar response occurs when

observing others in interaction, which possibly reflects a

resonance with one's past experiences.

What could be the reward value in observing interactions?

We know that participating in social interactions is rewarding

and facilitates subsequent cooperative and prosocial behav-

iors (Tomasello, 2014; Tomasello, Carpenter, Call, Behne &

Moll, 2005). When observing others in interaction, the

pleasant rewarding experience we attribute to those we

observe might be mapped onto our own experiences that we

previously acquired during our interactions (Barresi & Moore,

1996). Such a response might further reinforce our motivation

to engage in shared experiences with others (Tomasello, 2014;

Tomasello et al., 2005). It may also serve as a means to learn

information that is not available when observing others in

isolation, thereby facilitating cultural transmission of joint

practices. To our knowledge, this is the first study to demon-

strate that performing actions together based on shared in-

tentions creates a rewarding experience not only in those who

are engaged in the interaction, but also in those who are

passively observing it. Future studiesmay be able to dissociate

motivational and affective/hedonic components of reward

processing.
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