
M

S
j

N
a

b

c

d

e

a

A
R
R
1
A
A

K
J
E
E
S
N

C

M

h
0

Neuroscience and Biobehavioral Reviews 74 (2017) 115–125

Contents lists available at ScienceDirect

Neuroscience  and  Biobehavioral  Reviews

journa l homepage: www.e lsev ier .com/ locate /neubiorev

eta-analysis

imulating  social  interactions  for  the  experimental  investigation  of
oint  attention

athan  Caruana a,b,c,∗, Genevieve  McArthur a,b,d, Alexandra  Woolgar a,b,c,  Jon  Brock a,b,d,e

Department of Cognitive Science, Macquarie University, Sydney, Australia
ARC Centre of Excellence in Cognition and its Disorders, Macquarie University, Sydney, Australia
Perception in Action Research Centre, Macquarie University, Sydney, Australia
Centre for Atypical Neurodevelopment, Macquarie University, Sydney, Australia
Department of Psychology, Macquarie University, Sydney, Australia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 August 2016
eceived in revised form
3 December 2016
ccepted 20 December 2016
vailable online 24 December 2016

eywords:

a  b  s  t  r  a  c  t

Social  interactions  are,  by their nature,  dynamic  and  reciprocal  −  your  behaviour  affects  my  behaviour,
which  affects  your  behaviour  in return.  However,  until  recently,  the  field  of  social  cognitive  neuro-
science  has  been  dominated  by  paradigms  in  which  participants  passively  observe  social  stimuli  from  a
detached  “third  person”  perspective.  Here  we consider  the  unique  conceptual  and  methodological  chal-
lenges  involved  in adopting  a “second  person”  approach  whereby  social  cognitive  mechanisms  and  their
neural  correlates  are  investigated  within  social  interactions  (Schilbach  et  al.,  2013).  The  key  question
for  researchers  is  how  to  distil  a  complex,  intentional  interaction  between  two  individuals  into  a  tightly
oint attention
ye gaze
ye-tracking
ocial interaction
euroimaging

controlled  and  replicable  experimental  paradigm.  We  explore  these  issues  within  the  context  of  recent
investigations  of joint  attention  −  the ability  to  coordinate  a common  focus  of attention  with  another
person.  We  review  pioneering  neurophysiology  and  eye-tracking  studies  that  have  begun  to address
these  issues;  offer  recommendations  for  the  optimal  design  and implementation  of  interactive  tasks,  and
discuss  the  broader  implications  of interactive  approaches  for social  cognitive  neuroscience.

©  2016  Elsevier  Ltd. All  rights  reserved.
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Humans are innately social creatures with a biological imper-
tive for social interaction (Baumeister and Leary, 1995). We  seek
ocial interactions to share information, to accomplish shared goals,
nd to enjoy shared interests. As social cognitive neuroscientists,
ur aim is to understand the cognitive and neural mechanisms
hat underlie these vital social behaviours, their emergence dur-
ng development, and the ways in which they may  diverge from
he norm in conditions such as autism, schizophrenia, and vari-
us forms of acquired or degenerative brain injury. Until recently,
esearch in this field has relied on paradigms in which partic-
pants are presented with social stimuli (e.g., faces or videos
f social interactions) that they view and respond to from a
etached “third person” perspective. However, as Schilbach et al.
2013) have cogently argued, the cognitive and neural mechanisms
nvolved in completing such tasks are not necessarily the same as
hose engaged in everyday social interactions where individuals

ust process information from a “second person” (i.e., you and
) perspective embedded within the interaction. Accordingly, the
hallenge for social cognitive neuroscientists is to develop inter-
ctive paradigms that achieve this ecological validity, whilst at the
ame time maintaining close experimental control. At the forefront
f such efforts have been recent studies (including our own) inves-
igating the neural correlates of joint attention. Our objective in
his paper is to extract the key lessons from this nascent field of
esearch and draw out the broader implications for social cognitive
euroscience.

The term “joint attention” refers to our ability to simultane-
usly coordinate attention between a social partner and an object or
vent of interest (Bruner, 1974). In a typical joint attention episode,
ne person initiates joint attention (IJA) by intentionally direct-

ng their social partner to a particular location via eye gaze, head
urns, gesture (e.g., pointing), or vocalization. The other person

ust recognise these behaviours as having communicative intent,
nd respond to the joint attention bid (RJA) by attending to the same
ocation. Finally, at least one individual must determine whether
hey have been successful in achieving joint attention (Tomasello,
995). We  refer to this third component as evaluating the achieve-
ent of joint attention (EAJA).1 These behaviours emerge during

eciprocal and ongoing social interactions, and are greater than
or at least different to) the combined behaviours of each individ-
al acting alone (Hobson, 2008). As such, joint attention can only
e experienced from within a face-to-face interaction involving at

east two people. Therefore, a “second person” approach is essential
o the measurement and investigation of joint attention.

To date, most research on joint attention has been conducted by
evelopmental psychologists. It has been established that infants
egin to display RJA behaviours at approximately six months of
ge when they reflexively follow the gaze of others around them
Mundy et al., 1994). Initiating behaviours appear somewhat later,
ypically between six and twelve months of age (Mundy et al.,
994). These emerging abilities are considered to be a key com-
onent of children’s social and cognitive development, playing

 crucial role in language development, and learning in general
Adamson et al., 2009; Baron-Cohen, 1995; Charman, 2003; Mundy
t al., 1990, 2009; Murray et al., 2008; Tomasello, 1995). For
nstance, if a parent describes or names an object whilst direct-

ng an infant’s attention to that object, and the infant responds by
ttending to the same object, then he or she has an opportunity to
orm associations between the visual, lexical, and semantic repre-

1 Emery (2000) argues that when two people are mutually aware that they have
chieved joint attention, this becomes a separate social phenomenon called “shared
ttention”. However, in the existing experimental literature most researchers have
ontinued to use the term “joint attention” when describing EAJA during social
nteractions (cf. Pfeiffer et al., 2013).
avioral Reviews 74 (2017) 115–125

sentations of the object (Baldwin, 2014). Furthermore, elay in the
development of joint attention is strongly associated with autism
spectrum disorders. It is one of the earliest recognisable symptoms
of the condition (Lord et al., 2000) and reliably predicts the severity
of social and linguistic impairments that autistic children experi-
ence (Charman, 2003; Dawson et al., 2004; Lord et al., 2000; Mundy
et al., 1990; Stone et al., 1997).

Yet despite its importance in both typical and atypical develop-
ment, little is currently known about the underlying cognitive and
neural mechanisms that support joint attention. Models of joint
attention have been proposed (e.g., Baron-Cohen, 1995; Mundy
et al., 2009), but these are largely descriptive, lack detail, and are
yet to be rigorously tested. The superficial nature of our current
understanding is due, at least in part, to the inherent challenges
in creating adequate experimental measures of joint attention.
Standardized observational protocols, such as the Early Social Com-
munication Scales (Mundy et al., 2003) and the Autism Diagnostic
Observation Schedule (Lord et al., 2000), can reliably measure joint
attention behaviours in young children; however, these scales do
not allow for the experimental manipulations or large number of
trials necessary for investigating the underlying cognitive or neural
mechanisms. Until recently, experimental studies of “joint atten-
tion” were largely restricted to variations of the Posner-cueing
paradigm (Posner, 1980) in which response times to a visual tar-
get are influenced by the image of a pair of eyes looking either
towards or in the opposite direction of the target. However, this
paradigm taps low-level “reflexive” orienting of attention (Friesen
and Kingstone, 1998) and studies of autistic individuals have failed
to find consistent evidence of impairment, in contrast to the find-
ings from more naturalistic measures (Leekam, 2015; Nation and
Penny, 2008). The challenge, therefore, is to develop controlled
experimental tests that capture the intentional, mutual, and com-
municative aspects of joint attention.

Taking up this challenge, in 2010, researchers in the United
States, Japan and Germany independently published three studies
that effectively kick-started the field of second person neuroscience
(Redcay et al., 2010; Saito et al., 2010; Schilbach et al., 2010).
Each study used functional magnetic resonance imaging (fMRI)
to investigate the neural correlates of joint attention. Subsequent
fMRI studies (including our own) have built on and refined the
methodological innovations in these three pioneering studies. In
the following section of this paper, we  review this growing body of
research. Our focus is less on the particular findings of these stud-
ies (see Pfeiffer et al., 2013 for a comprehensive review) and more
upon the tasks themselves. In particular, we consider how the three
components of joint attention (RJA, IJA, and EAJA) have been oper-
ationalised and (critical to any fMRI study) the baseline conditions
with which they have been contrasted.

In the second half of the paper, we provide a synthesis of the
critical issues affecting the measurement of joint attention using
a second-person approach. In particular, we  consider the impor-
tance of realistically complex interactions, the intentional nature
of the interaction, and the question of whether participants need
to interact with (or believe they are interacting with) a real person.
In addition to the fMRI studies, we include insights from recent
eye-tracking and electroencephalography (EEG) studies that have
addressed these questions directly. We  conclude by considering
directions for future research.

1. fMRI studies of joint attention
1.1. Responding to joint attention bids

As noted above, the field of second person neuroscience
arguably began with three fMRI studies of joint attention published
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Table 1
Summary of experimental tasks using interactive methods to investigate the neural mechanisms of joint attention.

Authors Participants Stimulus Component Task Baseline Contrast

Caruana et al., 2015a
(see also Caruana et al.
2017)

TD adults Face of gaze-contingent
avatar (believed to be
controlled by another
participant).

RJA Participant and avatar
search houses on
screen for burglar. The
participant finds all
his/her houses empty,
waits for avatar to
make eye-contact, then
follows avatar’s gaze to
catch the burglar.

Avatar’s eyes remain
closed. The participant
finds all his/her houses
empty. A central arrow
cues the burglar’s
location.

Baseline controls for
eye-movement and
attention demands but
cues differ
perceptually.

IJA  Participant and avatar
search houses on
screen for burglar. The
participant finds
burglar in one of
his/her houses, waits
for avatar to make
eye-contact, then looks
back to burglar
location. The avatar
follows.

Avatar’s eyes remain
closed. The participant
finds burglar in one of
his/her houses, looks
back at avatar, waits
for fixation point to
turn green, looks back
to burglar location.

Baseline controls for
eye-movement and
attention demands but
cues differ
perceptually.

Caruana et al., 2015b,
2016a

TD adults Gaze-contingent avatar EAJA Participants initiated
joint attention towards
one of four “prison
exists” to inform their
partner of a prison
break in a collaborative
game. The partner
responded by looking
at the same location to
achieve joint attention.

Participants initiated
joint attention towards
one of four “prison
exists” to inform their
partner of a prison
break in a collaborative
game. The partner
responded by looking
at  a different location
to avoid joint attention.

Stimuli and
participant’s behaviour
matched across
conditions.

Gordon et al., 2013 TD adults Gaze-contingent video EAJA Participants initiated
joint attention by
fixating one of two
human silhouettes.
Their “partner” turned
their head to look at
the same silhouette.

Participants initiated
joint attention by
fixating one of two
human silhouettes.
Their “partner” turned
their head to look at
the other silhouette.

Stimuli and
participant’s behaviour
matched across
conditions.

Lachat et al., 2012 TD adults Pairs of participants sit
facing each other
through circular
window with LEDs
around frame

EAJA (intentional) One participant looks
towards LED and the
other follows them.

One participant looks
towards LED and other
participant looks to
different/opposite
location.

Baseline introduces
antisaccade element.

EAJA (incidental) Both participants look
towards the same LED.

Both participants look
towards a different
LED.

Stimuli and
participant’s behaviour
matched across
conditions.

Oberwelland et al.,
2016

TD children and
adolescents

Photo of face (own
mother or stranger)
that changes in
response to
participant’s gaze.

RJA Participant follows
gaze of photo to look at
one of three cheeses.

Participant ignores
photo’s gaze and
attends to peripheral
colour cue.

Conditions matched for
eye-movements but
differ in attention to
central vs peripheral
cues.
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Table 1 (Continued)

Authors Participants Stimulus Component Task Baseline Contrast

EAJA Participant fixates on
one of three cheeses.
Photo “responds” by
looking at the same
cheese.

Participant fixates on
one of three cheeses.
Photo “responds” by
shifting its gaze
downwards and away
from the cheeses.

Contrast reveals EAJA
rather than IJA (as
authors claim).

Pfeiffer et al., 2014 TD adults Face of
gaze-contingent avatar
(believed to be
controlled by another
participant on some
trials, and by a
computer on others).

EAJA Fixate on one of two
squares. Avatar
programmed to look at
the same square.

Fixate on one of two
squares. Avatar
programmed to look at
opposite square.

Contrast reveals EAJA.
Authors also examined
the effect of
manipulating the
proportion of
congruent avatar
responses within each
block of trials.

Redcay et al., 2010,
2012

TD and ASD adults Live video feed
showing partner’s full
face.

RJA Follow partner’s gaze
to catch a mouse
hiding behind one of
four cheeses.

Search for mouse
hiding behind one of
four cheeses while
partner’s eyes remain
closed.

Baseline removes
social element but
requires attention to
peripheral rather than
central cues.

IJA  Search for mouse
hiding behind one of
four cheeses. Partner
follows to same
location.

Search for mouse
hiding behind one of
four cheeses while
partner’s eyes remain
closed.

Baseline controls for
eye-movements.
Unclear if participants
process partner’s
behaviour during the
task.

Saito et al., 2010 TD adults Live video feed
showing partner’s eyes.

RJA Follow partner’s gaze
to look at one of two
circles presented on
the screen.

Avoid joint attention
by looking at the circle
in the opposite
direction to their
partner’s gaze.

Baseline controls for
eye-movements but
subtracts away gaze
processing and
introduces antisaccade
component.

Schilbach et al., 2010 TD adults Face of gaze-contingent
avatar (believed to be
controlled by another
participant).

RJA Follow avatar’s gaze to
look at one of three
squares.

Look at a different
square to the avatar.a

Baseline controls for
eye-movements but
subtracts away gaze
processing and
introduces antisaccade
component.

EAJA Fixate on one of three
squares. Avatar
programmed to look at
the same square.

Fixate on one of three
squares. Avatar
programmed to look at
different square.a

Contrast reveals EAJA
rather than IJA (as
authors claim).

Williams et al., 2005 TD adults Pre-recorded video EAJA Participants looked at a
red ball presented on
one side of the screen
and their “partner”
looked at the same
location.

Participants looked at a
red ball presented on
one side of the screen
and their “partner”
looked in the opposite
direction.

Stimuli and
participant’s behaviour
matched across
conditions.

a Schilbach et al. also included a further baseline condition in which participants passively viewed the same visual display but with the avatar’s eyes closed. This was subtracted from each of the other four conditions prior to
examining  the contrasts of interest described in the table.
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015a, 2017; (f) Williams et al., 2005; (g) Gordon et al., 2013; (h) Lachat et al., 2012

n 2010 (Redcay et al., 2010, 2012; Saito et al., 2010; Schilbach
t al., 2010). In each case, participants in the scanner interacted
ith a partner using eye gaze cues. Saito et al. (2010) employed

 “hyperscanning” design in which two participants were scanned
imultaneously in separate MRI  systems as they interacted via live
ideo feed (see Fig. 1, Panel A; Table 1). Each participant could see
heir partner’s eyes at the top of the screen. At the bottom of the
creen were two coloured circles. On each trial, one of the partici-
ants was instructed to look for the circle that changed colour while
he other participant was instructed to respond to their partner’s
aze (RJA) and look at the circle in the same location.

Redcay et al. (2010); Redcay et al. (2012) employed a similar
ask except that only one participant was tested in the MRI  scanner.
heir social partner was an experimenter, “Lee”, who was  viewed
ia a live video feed. The task was presented as a collaborative game
n which the participant and Lee had to catch a mouse that was
oncealed behind one of four cheeses located in each corner of the
creen (see Fig. 1, Panel B; Table 1). On RJA trials, Lee was cued to
he target location by a tail protruding from one of the cheeses. The
articipant was required to follow Lee’s gaze in order to “catch” the
ouse.

In Schilbach et al.’s (2010) study, instead of a live video feed,
articipants interacted with an anthropomorphic virtual character
i.e., an avatar; see Fig. 1, Panel C; Table 1) whom they believed was
ontrolled by a confederate outside the scanner via an eye-tracking
evice. In reality, the virtual character was controlled by an algo-
ithm that was contingent on the participant’s own  eye movements,
upporting reciprocity in the interaction whilst maintaining control
ver the virtual partner’s behaviour (Wilms  et al., 2010). On RJA tri-

ls (referred to as OTHER JA), the virtual character looked towards
ne of three squares and participants were required to respond con-
ruently by following his gaze. Recently, Oberwelland et al. (2016)
mployed a similar task in a study of joint attention in children and
t al., 2010; (c) Schilbach et al., 2010; (d) Oberwelland et al., 2016; (e) Caruana et al.,
aruana et al., 2015b. All images reused with permission.

adolescents. The avatar was replaced by a photographic face (either
a stranger or the participant’s own mother) (Fig. 1, Panel D; Table 1)
and participants were made aware that they were interacting with
a computer rather than a real person.

Our own recent fMRI study (Caruana et al., 2015a) built on
these seminal investigations. Following Schilbach et al. (2010),
participants interacted via an eye-tracker with a virtual character
whom they believed to be controlled by a real person (“Alan”), but
was actually controlled by a gaze-contingent algorithm. Following
Redcay et al. (2012), the participant and “Alan” engaged in a coop-
erative game in which they were required to both fixate upon a
target location in order to catch a burglar hiding in one of six houses
(see Fig. 1, Panel E; Table 1). The novel feature of our task was  that,
rather than being instructed explicitly to initiate or respond to joint
attention, the participants’ social role became apparent implicitly
during the trial. Specifically, each trial began with a search phase
in which participants searched their allotted houses by fixating on
each house in turn to reveal its contents (to them only). On RJA tri-
als, participants found all of their allotted houses to be empty. They
were then required to wait for Alan to complete his own search,
make eye contact, and then guide them to the burglar’s location.

Each of these studies identified RJA-related activity in brain
regions associated with social cognition in their samples of
typically-developed individuals. These include the medial pre-
frontal cortex (Caruana et al., 2015a; Redcay et al., 2012; Schilbach
et al., 2010), posterior superior temporal sulcus (Caruana et al.,
2015a; Redcay et al., 2012), temporoparietal junction (Caruana
et al., 2015a; Redcay et al., 2012), intraparietal sulcus (Saito et al.,
2010), occipital gyrus (Oberwelland et al., 2016), precuneus, insula,

and amygdala (Caruana et al., 2015a). Of note, however, is that
despite essentially investigating the same phenomenon, there is
relatively little agreement or overlap in the precise brain regions
identified across studies.
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These discrepancies may  in part reflect different choices of
aseline condition. Schilbach et al. (2010) and Saito et al. (2010)
ontrasted their RJA trials with trials in which participants were
nstructed to actively avoid joint attention by looking in the oppo-
ite or different direction to their partner. As the baseline also
nvolved processing the gaze of the social partner, subtracting this
rom RJA trials may  have removed activation related to gaze pro-
essing. It may  have also introduced additional attention orienting,
ction inhibition and oculomotor demands associated with mak-
ng an “antisaccade” away from the cued location (Pfeiffer et al.,
013). The other three studies have contrasted RJA with responses
o a non-social spatial cue. Oberwelland et al. (2016) required par-
icipants to ignore the gaze cue and instead look towards one of
he cheeses, which changed colour. In Redcay et al.’s study, partic-
pants could see the mouse’s tail and were required to “catch” it
hemselves while their partner’s eyes remained closed. The virtual
haracter’s eyes also remained closed in our own study (Caruana
t al., 2015a), but a green arrow indicated the burglar’s location in
ieu of a gaze cue. In each case, participants were required to make
he same pattern of eye-movements in the baseline condition as in
he RJA condition, thereby controlling for many of the attention ori-
nting and oculomotor control demands of the RJA task. However,
here are inevitable differences in the visual stimuli presented to
articipants.

.2. Initiating joint attention bids

Four of the fMRI studies described above have investigated IJA in
ddition to Schilbach et al. (2010) instructed participants to fixate
n one of three squares located around their virtual partner’s face.
he partner would then respond congruently to achieve joint atten-
ion (referred to as SELF JA) or, in the baseline condition (referred
o as SELF NOJA) avoid joint attention by saccading to a different
quare. Similarly, Oberwelland et al. (2016) instructed participants
o fixate on one of three cheeses located around a human face. The
ace would either look at the same cheese (referred to as JA-Self)
r look downward and away from the three cheeses (referred to
s Control-Self). Therefore, in both studies, participants performed
xactly the same task in IJA and baseline conditions and any dif-
erences in brain activity reflected the different outcomes of their
JA bids. Thus, although both studies involved an IJA condition, it
s more appropriate to discuss them in the following section that
ocuses on EAJA.

In the IJA condition of Redcay et al.’s (2012) study, participants
ere instructed to locate a mouse whose tail was protruding from

ehind one of four cheeses. Joint attention was initiated by fixating
pon the relevant cheese, whereupon their partner, Lee, interacting
ia video link, would follow to the same location. In the baseline
ondition participants located the mouse on their own  while Lee’s
yes remained closed, thus controlling for activation associated
ith performing the visual search and making eye movements.

 potential concern with Redcay et al.’s task is that participants
new their role as an “initiator” (or “responder”) before each trial
egan. In IJA blocks, participants could complete the IJA task whilst

gnoring Lee, knowing that she would follow them regardless of
hether or not they communicated their intention to initiate a joint

ttention bid.
In our Catch-the-Burglar task, IJA trials were signalled when the

articipant located the burglar in one of their allotted houses. They
hen had to saccade back to the virtual character, wait for him to
omplete his own search and, having established eye contact, guide
im to the burglar location. The avatar did not respond unless eye

ontact had been established, thereby ensuring that the participant
ad to interact with him in order to complete the task. Again, we
ompared IJA to a closely matched baseline condition designed to
ontrol for the non-social components of IJA (e.g., attention ori-
avioral Reviews 74 (2017) 115–125

enting, action inhibition and oculomotor control). Following the
search phase, participants fixated upon a small grey circle placed
between the virtual character’s closed eyes. When this turned green
(analogous to the avatar making eye contact), the participant was
required to saccade back to the correct location (as they would do
if they were guiding Alan).

The results of our study and those of Redcay et al. (2010);
Redcay et al. (2012) are in fact remarkably consistent. Both stud-
ies associated IJA with brain regions previously implicated in social
cognition including the middle frontal gyrus, inferior frontal gyrus,
precentral gyrus, middle temporal gyrus, posterior superior tempo-
ral gyrus, temporoparietal junction, and precuneus. Of note, both
studies also directly contrasted brain responses in IJA and RJA
conditions, reporting increased IJA-related activation of the right
inferior frontal gyrus − a region widely implicated in inhibitory
control of planned actions (e.g., Aron et al., 2004). Inspection of our
eye-tracking data suggested a possible explanation: Participants
made a surprisingly large number of “premature” saccades, failing
to wait for eye contact with their partner before making saccade to
initiate joint attention at the burglar location. This suggests that an
important and heretofore ignored component of IJA is the require-
ment to withhold the initiating “action” until the participant is sure
they have the attention of their partner.

1.3. Evaluating the achievement of joint attention (EAJA)

Evaluating the achievement of joint attention (EAJA) is another
important component of joint attention as it helps guide future joint
attention behaviours if initial attempts to achieve joint attention
with another person have been unsuccessful. A number of studies
have investigated the neural correlates of EAJA using gaze congru-
ency tasks, where participants are required to fixate upon an object
and their social partner looks at the same object, thereby achieving
joint attention, or responds incongruently by looking at another
location to avoid joint attention.

An early study by Williams et al. (2005) used a non-interactive
task to investigate the incidental achievement of joint attention.
Participants were required to follow a red dot that moved between
the bottom-left and bottom-right of the screen. The top half of the
display showed a video of a man  either looking at the dot (joint
attention) or toward a different location (no joint attention; see
Fig. 1, Panel F; Table 1). Contrasting these two  conditions revealed
activation in the ventral medial prefrontal cortex, a region associ-
ated with representing the mental perspectives of others (Amodio
and Frith, 2006).

More recently, Gordon et al. (2013) used an interactive eye-
tracking task to investigate EAJA. Participants were presented with
a display that comprised a central video frame depicting the upper
torso and face of a female named “Sally”. This was flanked by two
human silhouettes (see Fig. 1, Panel G; Table 1). On each trial, partic-
ipants fixated on one of the silhouettes in order to “guide” Sally. The
video of Sally was  then played to depict her turning her head to look
at either the same or opposite location. Congruent trials were asso-
ciated with increased activation of the striatum, anterior cingulate,
right fusiform gyrus, right amygdala, and parahippocampus.

As noted earlier, Schilbach et al. (2010) and Oberwelland et al.’s
(2016) fMRI studies also effectively investigated EAJA within the
context of their IJA tasks. Recall that participants looked towards
one of three targets and the virtual partners either responded to
achieve joint attention by looking at the same target or avoided
joint attention by looking elsewhere (see Fig. 1, Panels C and D;
Table 1). In Schillbach et al.’s study, participants showed increased

activation of the ventral striatum for congruent trials. Using the
same task, Pfeiffer et al. (2014) grouped trials into short blocks that
varied in the proportion of joint attention trials and, consistent with
Schillbach et al.’s results, found that blocks with a high proportion of
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oint attention trials were associated with greater activation in ven-
ral striatum. However, Oberwelland et al. failed to find evidence
f striatal activation in their study of younger children and adoles-
ents. Instead, gaze congruency was associated with activation in
nterior prefrontal cortex and left anterior insular.

As with RJA and IJA, there is no consistent pattern of results
cross studies. Nonetheless, a number of studies have reported stri-
tal activity associated with EAJA (Gordon et al., 2013; Pfeiffer et al.,
014; Schilbach et al., 2010), which may  reflect the hedonic value
f successfully achieving joint attention (cf. Craig, 2009; McClure
t al., 2004). Williams et al. (2005) found no such effect, although
oint attention was achieved incidentally rather than deliberately.
hese studies have also differed in whether participants believed
hey were interacting with another living human agent. Further
tudies are required to determine whether these methodological
ifferences can account for some of their discrepant findings.

. Critical issues affecting a second-person measurement of
oint attention

A second person approach to social cognition and neuroscience
emands both ecological validity and experimental control. How-
ver, as the preceding review demonstrates, there is considerable
ension between these two requirements. In the remainder of this
aper we consider developments and directions for future second
erson approaches that attempt to measure joint attention within
ruly interactive contexts (cf. Schilbach et al., 2013). Specifically,
e discuss the need for paradigms that simulate social interactions

hat are realistically complex, motivate intentional communicative
ehaviours, are genuinely engaging, and maintain experimental
ontrol. These methodological considerations are relevant to the
nvestigation of joint attention as well as the application of second
erson approaches to social cognition and neuroscience research

n general.

.1. Complex interactions

A core aim of the second person approach is to measure social
ognition while people participate in dynamic social interactions
hat simulate the complexity of everyday experiences (Schilbach
t al., 2013). However, experimental measures that have attempted
o distil elements of joint attention behaviour within simulated
nteractions do not necessarily capture this complexity. The Posner-
ueing tasks using gaze stimuli described in the Introduction are

 clear example, but even the more interactive joint attention
asks tend to isolate the initiating or responding “event” from the
ynamic social context that they would naturally occur in.

Of particular concern is that social cues in such tasks are
ften unambiguous, and are displayed by social partners whose
ehaviour is highly predictable. For example, in RJA experiments,
articipants are typically required to respond to a single gaze cue
hat they know to be communicative (e.g., Oberwelland et al., 2016;
edcay et al., 2012; Saito et al., 2010; Schilbach et al., 2010). This

s unlike genuine social interactions where a social partner is con-
tantly making eye movements, and only a subset of these signal
ommunicative joint attention bids. Similarly, in IJA experiments,
articipants have been asked to make a single eye-movement
owards a particular location with full knowledge that their part-
er will follow (e.g., Redcay et al., 2012). Again, this is unlike real
ocial interactions, where we must ensure that we have our part-
er’s attention, and convey our intention to communicate with

hem before attempting to initiate a joint attention bid. Thus, whilst
hese tasks provide close experimental control and allow a large
umber of relatively brief trials, they do not capture a number of
ognitive processes that would typically be used to navigate com-
avioral Reviews 74 (2017) 115–125 121

plex social interactions, including decisions about (1) whether one’s
social partner intends to communicate, (2) which gaze shifts are
communicative, and (3) whether to respond to, or initiate, a joint
attention bid.

As outlined above, the search phase of our interactive Catch-the-
Burglar task addresses some of these issues. Rather than overtly
instructing participants to engage in RJA or IJA on each trial (cf.
Oberwelland et al., 2016; Redcay et al., 2012; Saito et al., 2010;
Schilbach et al., 2010), participants intuitively determined their
role depending on whether they found the burglar (IJA trials) or
not (RJA trials). On RJA trials, the participant then had to differenti-
ate between gaze shifts displayed by their virtual partner that were
intentionally guiding them to the burglar, and those that were being
made as he completed his search. Likewise, on IJA trials, the partic-
ipant could not assume that their partner would follow every gaze
shift they made. Rather, they had to establish eye contact before
engaging in IJA. Using eye contact in this way is a critical aspect
of intentional gaze-based joint attention experiences as it informs
the initiator that they have their partner’s attention, and signals
the initiator’s intent to communicate to the responder (Cary, 1978;
Senju and Johnson, 2009; Tylén et al., 2012).

The importance of differentiating between communicative and
non-communicative gaze shifts is underscored by a recent study
that we conducted outside the scanner (Caruana, McArthur, Wool-
gar and Brock, 2017). We  compared eye-movement response times
in the RJA condition of our Catch-the-Burglar task with response
times in a modified version of the task that removed the search
component at the beginning of each trial. We  predicted that
response times would be shorter in this “NoSearch” condition
because, despite the fact that participants must respond to the
exact same gaze cue, they would not have to make any decision as
to whether or not they should follow the cue. In contrast, remov-
ing the search component from the control condition should have
no effect because participants respond to an unambiguous arrow
cue in both conditions. Both predictions were supported, indicat-
ing that the original Catch-the-Burglar task did indeed capture the
RJA processes of identifying a social partner’s intention to commu-
nicate, which pre-empts social communication (cf. Cary, 1978) and
thus adaptive RJA behaviour.

Our task captures at least some of the complexity of every-
day social interactions, but more can be done. For instance, all the
experimental studies reviewed here have measured joint atten-
tion behaviour within nonverbal gaze-based interactions. This is
a sensible starting point for a number of conceptual and practical
reasons. However, in real social interactions, joint attention can also
be achieved using other communicative signals (e.g., pointing and
head movements) and these joint attention cues all occur against
a background of multiple competing social and non-social drivers
of attention. Future studies could investigate how social cues from
multiple modalities are simultaneously used during joint attention
episodes. The challenge for researchers will be to maintain experi-
mental control as the social context becomes increasingly complex.
Recent developments in immersive 3-D virtual reality may  offer
unique opportunities in this regard (Georgescu et al., 2014).

2.2. Intentional interactions

Another core aim of the second person approach is to develop
paradigms in which social cognition is engaged in the same way
as it would be in an everyday social interaction. Typically, during
a joint attention episode, the initiator has a goal in mind, such as
requesting assistance, sharing information, or communicating an

interest. In such cases, joint attention is achieved when the initia-
tor intentionally guides the other person to attend to a particular
object or location. It has been argued, therefore, that joint attention
should be studied within a social context where the initiator’s joint
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ttention bid is intentional, and the responder perceives it as such
Tomasello, 1995).

The fMRI studies reviewed above vary considerably in terms of
ow joint attention is achieved. Redcay et al. (2012) introduced the
otion of embedding the joint attention episode in the context of

 cooperative game, asking participants to use eye gaze to com-
unicate information that was relevant to their current goal (i.e.,

atching a mouse). We  have adopted a similar approach with our
atch-the-Burglar task. Both tasks are somewhat unnatural insofar
s the goal is achieved simply by the act of the responder looking in
he correct location. A more ecologically valid scenario might see
articipants using eye gaze as a directional cue but then achieving
heir goal by giving a manual response, perhaps directing a cursor
o the relevant location. Nonetheless, these two tasks do motivate
articipants to engage in intentional RJA and IJA behaviours. Other
tudies reviewed above have not provided a purpose or motivation
or pursuing a joint attention experience. Participants have either
een provided with an instruction to guide or follow their partner’s
ye gaze (e.g., Gordon et al., 2013; Saito et al., 2010; Schilbach et al.,
010) or have used a task in which participants incidentally find
hemselves looking at the same location as their partner (Williams
t al., 2005).

To our knowledge, only one study has directly investigated the
ffect of establishing an intentional context for joint attention expe-
iences. Lachat et al. (2012) used electroencephalography (EEG) to

easure the neural correlates of EAJA. Participants were tested in
airs, looking at each other through a circular window that had
oloured lights positioned around its circumference (Fig. 1, Panel
; Table 1). In the “social instruction” condition, joint attention
as achieved intentionally with one participant choosing a light

o look at and the other participant following (or in the control
ondition looking in the opposite direction). In the “colour instruc-
ion” condition, participants ignored their partner and looked at a
ight of a particular colour. Joint attention was achieved incidentally

hen the two participants were instructed to look at the same loca-
ion. Lachat et al. found that, regardless of how joint attention was
chieved, congruent trials were associated with a power decrease in
1–13 Hz oscillations, suggesting that there are at least some neu-
ocognitive processes that reflect the achievement of joint attention
ndependently of the context in which it occurs.

However, it remains possible that other neural correlates of joint
ttention may  be sensitive to the way in which it is achieved. As
oted in the section on EAJA, intentional joint attention experi-
nces appear to be associated with striatal activation (Gordon et al.,
013; Pfeiffer et al., 2014; Schilbach et al., 2010), whereas inci-
entally achieved joint attention does not (Williams et al., 2005).
his may  reflect differences in the intrinsic social reward value
f the two experiences. However, proper support for this claim
equires a direct comparison between intentional and incidental
oint attention within the same fMRI experiment. Future studies
ould also investigate joint attention behaviours in other social
ontexts. Researchers could contrast joint attention in competitive
s opposed to cooperative games, in requesting behaviour, or in
earning and teaching scenarios.

.3. Engaging interactions

A third tenet of the second person approach is that social cog-
ition should be studied during genuine social interactions. One
pproach taken by a number of studies is for two  participants to
nteract with one another either face-to-face (Lachat et al., 2012)
r via a live video feed (Redcay et al., 2012; Saito et al., 2010). Some

f these studies (e.g., Saito et al., 2010) have involved simultaneous
canning of both partners. One mooted advantage of this ‘hyper-
canning’ approach is that it allows investigation of “inter-brain”
ffects such as correlated activation in common brain regions of
avioral Reviews 74 (2017) 115–125

the two  interacting people (i.e., “brain-to-brain coupling”). How-
ever, it remains unclear what such findings mean other than that
some brain regions are implicated in both responding to and ini-
tiating joint attention. Moreover, given that these correlations are
necessarily mediated by the behaviour of the two participants, a
more useful approach may  be to measure the correlation between
one person’s social behaviour and their interactive partner’s brain
response (i.e., “stimulus-to-brain coupling”; see Konvalinka and
Roepstorff, 2012 for an in-depth discussion).

A key limitation of live interaction paradigms (hyper-scanning
or otherwise) is that they come at the expense of experimental
control over various aspects of the interaction, such as the pre-
cise timing of behaviour and the potential display of ostensive
facial expressions. To address these concerns, other studies have
engaged participants in an interaction with a virtual partner whose
behaviour is contingent on the participant’s behaviour, but is con-
trolled by a computer algorithm. As a number of authors have noted,
virtual reality offers an innovative tool for maintaining exper-
imental control whilst allowing participants to experience the
“copresence” that characterises genuine social interactions (Biocca
et al., 2003; Georgescu et al., 2014; Wilms  et al., 2010). However, an
important question with regard to virtual reality is whether or not
participants need to believe that their virtual partner represents a
living human agent.

Data from two of our own recent studies provide evidence that
beliefs about human agency do indeed influence the way partic-
ipants approach the task and engage with their partner. In one
study (Spirou et al., in preparation), participants completed the
Catch-the-Burglar task described above but half were deceived into
believing that they were interacting with a real person (as per our
previous studies), while the other half were informed at the outset
that the avatar was entirely controlled by a computer program. Par-
ticipants in the “human” condition were slower to saccade back to
the avatar having found the burglar and were more likely to attempt
to guide the avatar before making eye contact than participants
in the “computer” condition. The implication is that participants
expect a degree of flexibility from a human social partner (that
they know not to expect from a computer). In particular, partici-
pants sometimes act as if they expect their human partner to simply
know that they are attempting to guide them even when eye con-
tact is not first established. One possibility is that they are providing
their virtual partner with other facial cues which, of course, the eye
tracker interface is not sensitive to, or able to convey.

The second study measured participants’ event-related poten-
tials (ERPs) as they completed a modified version of the
Catch-the-Burglar task (Caruana et al., 2015b, 2016a). Participants
again interacted with a virtual character, Alan, whose face was
depicted in the centre of the screen (Fig. 1 Panel I; Table 1). They
were told that Alan was a prison guard responsible for locking down
any prison exits that were breached by escaping prisoners. Partic-
ipants assumed the role of a watch person patrolling four prison
exits, depicted as buildings in each corner of the screen. An IJA
episode occurred when participants attempted to guide Alan to an
exit that had been breached. As in the EAJA studies reviewed above,
Alan only responded congruently on half of the trials. When partic-
ipants believed that Alan was controlled by a real person, we  found
that the centro-parietal P350 was sensitive to whether he followed
them or not (Caruana et al., 2015b). However, this effect was  abol-
ished when participants knew Alan was  controlled by a computer
algorithm (Caruana et al., 2016a).

We found similar effects of participant belief on the earlier N170
response, which has been associated with the perceptual process-

ing of gaze shifts (see Itier and Batty, 2009 for a review). These
findings are consistent with earlier studies showing that neural
activity during competitive games is significantly modulated by
beliefs about whether they are interacting with a human agent or



Biobeh

a
t
t
n
m
o
s
r
e
d
p
h

a
h
t
h
b
t
i
b
o
a
t
e

i
u
m
p
t
a
p
f
o
u
b
w
i
r
h
i

t
S
p
w
H
w
t
r
t
c
a
e
p
w
s
e
b

2

p
n

N. Caruana et al. / Neuroscience and 

 computer (Gallagher et al., 2002; McCabe et al., 2001). Together,
hey suggest that, when individuals adopt an “intentional stance”
owards an agent and believe it to represent a real and ratio-
al human being, cognitive process involved in understanding the
ental states of others are recruited, and have a top-down effect

n the perceptual processing of social information, such as gaze
hifts (Wykowska et al., 2014). An interesting avenue for future
esearch would be to investigate the role that individual differ-
nces in anthropomorphism have on the influence of agency beliefs
uring virtual interactions, as some people may  have a greater
ropensity to evaluate non-human stimuli as if they were genuinely
uman (Waytz et al., 2010).

If we accept the importance of convincing participants that they
re engaged in a genuine social interaction, we should also consider
ow this belief can best be established in the laboratory. Clearly,
he virtual partner should display behaviours that are realistically
uman (Georgescu et al., 2014). For example, temporal jitter may
e added to the gaze behaviour displayed by the virtual character
o make it appear less robotic (Wilms  et al., 2010). In our own stud-
es, we have programmed the virtual character to ensure that his
ehaviour varies across trials in terms of the number and sequential
rder of gaze shifts made during his search. For the IJA condition, we
lso programmed him to follow the participant’s gaze even when
he participant guided him to the incorrect location (e.g., Caruana
t al., 2015a, 2017).

Another challenge is to maintain the illusion of human agency
n tasks that require the social partner to behave in a way  that is
nexpected. For example, in some studies of EAJA, agency beliefs
ight be affected by the fact that half of the trials involve the virtual

artner inexplicably failing to follow the participant’s gaze. Consis-
ent with this view, Pfeiffer et al. (2014) told participants that the
vatar was only human-controlled on some blocks and found that
articipants rated the avatar as more likely to be human-controlled

ollowing blocks with a high proportion of congruent responses. In
ur ERP studies described above (Caruana et al., 2015b, 2016a), we
sed a cover story to make the virtual character’s non-responsive
ehaviour seem plausible. Participants were told that their partner
as distracted by a secondary task (monitoring conflicts between

nmates at other locations within the prison). Whilst participants
ated their partner’s performance on the task poorly, they also rated
im as being a highly cooperative partner who  was  pleasant to

nteract with.
Cover stories are an essential part of convincing participants

hat the virtual character is being controlled by a real human.
ome studies have employed elaborate deceptions, with partici-
ants being introduced to confederates with whom they think they
ill be interacting (cf. Schilbach et al., 2010; Wilms  et al., 2010).
owever, in our studies, we simply told participants that they
ere interacting with another person, and provided an explana-

ion of how the virtual interface supposedly worked. The subjective
atings provided by participants after the experiment indicated
hat the deception was  successful without the need for a human
onfederate. Indeed, upon debrief, participants often express dis-
ppointment as they were looking forward to meeting “Alan”. Our
xperience, then, is that it is surprisingly easy to convince partici-
ants that they are interacting with a human. Nonetheless, further
ork is required to determine which features of the task and cover

tory are necessary for the deception. This will inform the most
thical, effective, and practical induction of these human agency
eliefs when using virtual interaction paradigms.

.4. Controlled measurement of social and non-Social cognition
The issues discussed thus far have been specific to the second
erson approach. However, a critical issue for any endeavour in cog-
itive neuroscience is that of experimental control. This is essential
avioral Reviews 74 (2017) 115–125 123

in teasing apart the cognitive and neural mechanisms that under-
pin everyday social behaviour. An important concern raised in our
review of fMRI studies has been the choice of baseline condition.
In order to isolate the cognitive or neural mechanisms of joint
attention, the principle of “pure insertion” asserts that the two
conditions being contrasted should only differ with respect to the
cognitive process of interest. Previous fMRI studies of RJA have vio-
lated this principle by contrasting RJA with a baseline condition in
which participants respond to their partner’s eye gaze cue by shift-
ing their gaze towards an incongruent location (e.g., Oberwelland
et al., 2016; Schilbach et al., 2010; see also Lachat et al., 2012). As
noted earlier, this subtracts away processes relating to the identi-
fication of gaze direction whilst introducing the requirement that
participants make an effortful antisaccade to a non-cued location.
Consequently, it is difficult to interpret the difference in responses
across the experimental and “baseline” conditions.

Our own  approach has been to compare behavioural and neu-
ral responses during joint attention trials with baseline conditions
in which participants completed essentially the same task, mak-
ing the same pattern of eye-movements and attention shifts, but
without any social interaction. Differential behavioural or brain
responses can be interpreted as reflecting, in the main, the purely
social aspects of completing the task. However, even here, we  are
faced with a number of methodological and conceptual challenges.
For example, replacing an eye gaze cue with a non-social (arrow)
cue means a confounding difference in the visual stimuli presented
to participants. One option might be to use physically identical
stimuli but manipulate the participant’s beliefs about the agency
of the social stimuli (e.g., Caruana et al., 2016a)). Our experience,
however, is that it is difficult to convince participants that an avatar
is controlled by another human partner if they have previously
completed the same task knowing that the avatar is controlled by
a computer program. This necessitates a less powerful between-
subjects design where some participants are deceived and others
are not.

Contrasting joint attention with some form of non-social base-
line condition can help to isolate what is special about social
attention, and determine whether impairments of joint attention
reflect social or non-social cognitive impairments (e.g., Caruana
et al., in press). Likewise, contrasting different components of joint
attention, such as RJA and IJA, can elucidate more fine-grained
differences between these related processes. In our recent fMRI
study (Caruana et al., 2015a), we  went further by performing a con-
junction analysis to determine which brain regions were activated
by both RJA and IJA (relative to their non-social baselines). This
approach has helped to better characterise the neural mechanisms
that are common to RJA and IJA, and are thus likely to be at the core
of joint attention ability. Future fMRI research could build on these
findings, employing multivariate analyses, such as multi-voxel pat-
tern analysis (e.g., Mur  et al., 2009) to determine the nature of
information that is encoded in each of these core joint attention
regions. For instance, some regions may  encode information about
the direction of gaze, whilst others may encode whether a gaze shift
signals communicative intent. This research will be invaluable in
future work attempting to specifically characterise the nature of
joint attention impairments in conditions such as autism, at the
cognitive and neural level. Indeed, a second person approach has
considerable potential to advance our understanding of psychiatric
disorders that have core impairments in social interactions (see
Schilbach, 2016).
3. Conclusions

Social cognition is inherently complex. Successful social inter-
actions rely on a combination of “higher-level” cognitive processes
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e.g., intention monitoring), lower level social perception (e.g., gaze
rocessing), as well as a suite of domain general cognitive faculties
Apperly, 2010). The challenge for social cognitive neuroscientists
s to tease apart these component mechanisms and their neural cor-
elates in a manner that simultaneously achieves ecological validity
nd experimental control.

Consistent with the “second person” approach outlined by
chilbach et al. (2013), we  have argued that joint attention should
e investigated whilst participants are immersed in a social inter-
ction. Recent studies have made important progress in this regard,
ith virtual reality paradigms arguably providing the optimal bal-

nce between validity and control. However, this field of research
s still in its infancy and numerous conceptual and methodologi-
al challenges remain. Future studies addressing the issues raised
n our article should provide new and important insights into the
ognitive and neural processes that support our unique ability to
ngage, understand, and communicate with other human beings.
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