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Abstract

Humans are prolific imitators, even when copying may not be efficient. A variety of
explanations have been advanced for this phenomenon, including that it is a side-effect
of learning, that it arises from a lack of understanding of causality, to imitation being a
mechanism to boost affiliation. This thesis systematically outlines the hypothesis that
imitation is a social signal sent between interacting partners, which rests on testing
whether our propensity to imitate is modulated by the social availability of the
interaction partner (i.e., whether our interaction partner is watching us or not). I
developed a dyadic block-moving paradigm that allowed us to test this hypothesis in a
naturalistic manner in four behavioural and neuroimaging studies using functional near-
infrared spectroscopy (fNIRS). I found that imitative fidelity was modulated by whether
the interaction partner was watching the participant make their move or not, and this
effect replicated across all four studies, in both neurotypicals and autistic participants. I
also examined the neural correlates of responding to irrational actions, and of being
watched. I found that being watched led to a robust deactivation in the right parietal
cortex across both neurotypicals (in two studies) and autistic participants (one study).
Among autistic participants we also found strong engagement in the left superior
temporal sulcus (STS) when being watched. For responding to irrational actions, in one
study of neurotypicals we found greater deactivation in the right superior parietal lobule
(SPL) when making more irrational responses. In another study of autistic and
neurotypical participants we found deactivation in the bilateral inferior parietal cortex
(IPL) in neurotypicals when responding to irrational actions, while this deactivation
appeared confined to the left IPL for autistic participants. Autistic participants also
showed differentially higher engagement in the left occipitotemporal regions when
responding to irrational actions. This thesis supports the social-signalling hypothesis of
imitation and is accompanied by suggestions for future directions to explore this theory

in more detail.






Impact statement

We copy others extensively, from very early in our development, and copying is thought
to help us learn as well as connect with others. There has been long-standing debate on
the purpose or reasons behind copying irrational actions, and whether this is indeed a
feature or a bug in human behaviour. Copying behaviour among autistic individuals has
also been a hotly debated topic, with mixed evidence on the prevalence and extent of

imitative deficits in that population.

Investigating a potential socially useful explanation for copying behaviour and
exploring the differences in how this behaviour is manifested in autistic and neurotypical
individuals could help us understand both how neurotypical brains work, and whether
there are differences in those with autism, particularly if they can help explain the social

challenges associated with autism.

Studying naturalistic behaviours such as copying in a social context is challenging,
and the paradigm developed in this thesis attempted to bridge the gap between the real
world and the laboratory by using a simple block-moving task that people are likely to be
familiar with and deploying subtle rational and irrational features such as the
demonstrated trajectories. Moving beyond traditional neuroimaging modalities such as
functional magnetic resonance imaging (fMRI), I used a relatively novel wearable
neuroimaging technique (fNIRS) to allow us to capture cortical activation while subjects

were able to move and interact in a relatively natural fashion.

This thesis reported three main findings. First, the fidelity with which participants
imitated their interaction partner was related to the social availability of the interaction
partner, specifically whether the interaction partner was watching the participant or not.
This was true for both neurotypicals and those with autism. Second, we found a robust
deactivation in the right parietal cortex when participants were being watched by their
interaction partner when compared with trials where they were not being watched. This
effect was found in both neurotypicals (across two studies) and those with autism (one
study). However, we also found that autistic participants showed strong activation in left
STS when being watched. Third, we found deactivation of the bilateral IPL in
neurotypicals when responding to irrational actions; among autistic participants we
found deactivation only in the left IPL, and we also found greater engagement in the left
occipitotemporal regions among this group. Together these findings support the view
that imitation can function as a social signal. Also, these findings suggest that imitative

deficits in autism are not universal, and that in many circumstances people with autism



may behave the same as neurotypicals, despite engaging different brain regions when

doing so.

These findings make a significant contribution to the study of imitation in a social
context, enabling us to pursue the view that imitation is not a side-effect or
epiphenomenon, but may in fact serve a valuable social goal in dyadic interactions. This
thesis also advances our knowledge of social cognition in autism showcasing that
behaviourally people with autism can and do match neurotypicals in some cases even
when the underlying brain mechanisms utilised may be different. In the longer term this

will enable us to better understand autism as well.
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Chapter 1. Introduction

This introductory chapter sets out the definition of imitation and introduces the social-
signalling hypothesis of imitation which is rigorously tested in this thesis. We examine
existing explanations for imitation and review what we currently know about the brain
mechanisms underpinning imitation, before finally reviewing the study of imitation
through deficits in imitative abilities among those with autism.

Sujatha Krishnan-Barman

Institute of Cognitive Neuroscience, University College London, Alexandra House, 17
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1.1. Imitation

On an unseasonably warm spring day in London my pre-schooler wants to have another
go on the swing in our garden. Before climbing on she picks up a dust cloth hanging on
the side of the swing’s frame and carefully wipes the seat down. I had done the same
earlier in the day to get rid of the cobwebs that had accumulated. There are no cobwebs
now, but the desire to do exactly as mummy does remains strong. Broadening our
horizons from my personal sample size of one, we know that imitation is a ubiquitous,
and often uniquely human phenomenon. While there is growing evidence in recent
decades that non-human primates imitate too (Whiten & van Schaik, 2007), the breadth
of human imitation is far greater (Gergely & Csibra, 2020).

Imitation encompasses a wide range of behaviours, from the very simple
“monkey-see monkey-do” formulation involving just mirroring a basic motor
movement, to more complex copying of norms (“when in Rome, do as Romans do”) that
incorporate social context and learning. It has been studied for centuries, starting from
ancient theories of mimesis (the Greek word for imitation) put forward by Plato, to more
contemporary accounts. Yet, we still do not fully understand what purpose imitation

serves, or how it is instantiated and modulated in the brain.

Before exploring the theoretical accounts of imitation, it is useful to define the
term explicitly. While this may seem trivial, debates over what constitutes imitation have
occupied scientists for decades (Hamilton, 2015; Heyes, 2021). In the simplest terms,
imitation refers to copying or reproducing the actions of another individual (Heyes, 2011).
However, there is ambiguity on whether this involves the end goal, the means by which
it is achieved, or both, and whether or not this should include action features that are
clearly identifiable as being irrational or irrelevant to the goal. In line with the taxonomy
outlined by Whiten and colleagues (2004) we define true imitation as copying both the
end of a goal-directed action and the means used to achieve them. Emulation, in contrast,
involves copying only the end state and does not require employing the same means
(Tomasello, 1990). Mimicry, or automatic imitation, involves the unintentional copying
of means or features of an action, whether goal-directed or not (Chartrand & Bargh, 1999;

Heyes, 2011)!. Finally, overimitation involves copying the irrelevant features of an action

I'While both mimicry and automatic imitation involve the involuntary copying of action features
or means, automatic imitation is used to describe behaviours in a laboratory such as the stimulus
response compatibility effect where observing an action makes it easier to perform it; mimicry in
contrast is usually used to refer to naturalistic behaviours.
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sequence even if they are not helpful to reaching the goal (Hamilton, 2015; Horner &

Whiten, 2005). An overview of this taxonomy is presented below in Table 1.1.

Table 1.1. A taxonomy of different types of imitation

Type of Definition Example

copying

True imitation  Reproducing both the A student learning to play the piano
end goal as well as the watches an instructor and presses the
means of a goal-directed keys in the same sequence using the
action same fingers as the instructor

Emulation Copying only the end A child watches an adult who has their
state of a goal-directed hands full use their elbow to press a
action, without switch, but the child uses her hands to
necessarily copying the press the switch
means

Mimicry / Copying the means or Two friends who are chatting

automatic features of an action unconsciously cross their legs in the

imitation same manner

Overimitation  Copying the irrelevant A child learning to serve from a tennis
features of a goal- instructor carefully watches the

directed action sequence instructor bounce the ball three times
before throwing it up to serve; they
replicate the entire action sequence
including three bounces before serving

Reflecting on the varied definitions of imitation, we can see why there continues
to be enduring debate on the reasons why we imitate, and the processes underpinning it.
In this thesis we are specifically interested in whether we copy the irrelevant or irrational

features of a goal-directed action sequence—i.e., overimitation.

In this chapter we will first review theories of why we imitate. Second, we will
outline our theory of imitation as a social signal, what this means, and sketch out some
hypotheses that will be tested in this thesis. Third, we review what we know so far about
the brain mechanisms of imitation. Fourth, we will examine how imitation is studied via
imitative impairments in autism, and how this has contributed to our understanding of

the phenomenon. Finally, we will present an overview of the structure of the thesis.

1.2. Theories of why we imitate

Biologists in the 19" century suggested that imitation was a mechanism that facilitated
the transfer of various behaviours in a species across generations, with the young learning

from the old via copying (Darwin, 1871; Romanes, 1884; Wallace, 1870). In humans, the
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various explanations advanced as to why we imitate broadly centre on imitation as a way
to learn, and as a way to communicate “mutuality” (Uzgiris, 1981). In this section we review

what we know so far about why we imitate.

121 Imitation emerges early in humans...but how early?

Developmental studies have typically suggested that infants begin imitation very early
although the precise age at which imitation begins has been disputed. The first formal
study of imitation in very young infants (Meltzoff & Moore, 1977) reported evidence of
imitation in children as young as two and three weeks old, which has since been replicated
(Meltzoft, 2005). However, other studies conducted on infants aged 9-30 days (McKenzie
& Over, 1983) and one conducted on infants aged 4-21 weeks (Abravanel & Sigafoos, 1984)
failed to find evidence of imitation in very young children. A review of 35 studies of
neonates suggested that only tongue protrusion was reliably matched by neonates
(Anisfeld, 1996). In very young infants, at least, there remains controversy on whether
this is true imitation or the behavioural matching that arises from arousal or some other
explanation (S. S. Jones, 2009). A large longitudinal study (N = 64 infants) of neonates
aged 1-9 weeks found no evidence that infants copied any of the nine social gestures that
were displayed to them; this suggests that imitation may not be an inbuilt feature that
children are born with, but may emerge later in development (Oostenbroek et al., 2016).
Nevertheless, when we turn to slightly older children, we find stronger evidence of clear
imitation. Seminal work by Meltzoff (1995) showed that children who were 18 months old
were able to re-enact what adults demonstrated. Meanwhile Barr and colleagues (1996)
showed that children aged 12 months and older showed evidence of imitation when
tested after a delay (of a day), while children as young as six months imitated when tested

immediately after an action was demonstrated.

This distinction between whether imitation emerges from birth or a few months
later may seem trivial, but it seeks to answer an important question: is imitation an innate
genetic mechanism or is it a skill that emerges postnatally via associative learning? Farmer
and colleagues (2018) characterise this as the nature-nurture divide in theory. The origins
of imitation are closely linked to the existence of mirror neurons? which fire both when
an action is observed and when it is performed (Rizzolotti & Craighero, 2004). Mirror
neurons are thought to be central to imitation, and the origins of mirror neurons have

been hotly debated for decades. At one end of the spectrum is the view that we have a

2 Reviewed in detail in Section 1.4 below
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“genetically predetermined” propensity to develop mirror neurons (Gallese et al., 2009),
and this is thought to be reflected in the propensity of neonates to imitate. At the other
end of the spectrum, there has been growing evidence that mirror neurons develop
postnatally via associative learning in response to the rich sensorimotor environment
surrounding neonates; here it is argued that mirror neurons acquire their matching
properties via domain-general learning processes, similar to the mechanisms that
produce Pavlovian conditioning (Cook et al., 2014; Heyes, 2001; Heyes & Catmur, 2021).
A novel study implemented “counter-mirror” training and showed that it led to the
reversal of mirror responses; in this study adult participants moved their index finger
while viewing little finger movements and vice versa, and later showed greater activation
of the index finger muscle when observing little finger movement than when viewing the
same finger movement (Catmur et al., 2011). Studies on seven-month-old infants also
showed that their mirror responses to certain movements increased with the amount of
experience they had in making those movements during an earlier training session (de
Klerk et al., 2015). When it comes to imitation as well, the most recent evidence from
Oostenbroek and colleagues (2016) appears to suggest that imitation arises after birth,
further supporting the associative learning account. This goes some way towards
answering the question of how imitation arises in humans; in the next subsection we
review existing explanations of what purpose it may serve. In line with the focus of this
thesis, we are specifically interested in what drives the copying of irrelevant features of a

goal-directed action sequence, which can be considered inefficient.

12.2. Imitation as an efficient way to learn

Studying imitation in children has been a productive way to explore theories of why we
imitate. Tomasello (1999) suggests that imitation serves a clear evolutionary purpose,
allowing children to learn without needing to make potentially dangerous mistakes..
Along similar lines, it has been argued that imitation allows humans to transmit culture
across generations (Boyd et al., 2011; Tennie et al., 2009). Here, it has been argued that
overimitation, which involves copying even the irrelevant features of an action, may be
evolutionarily efficient. One important paradigm that has been used to study imitation
involves the use of an “artificial fruit” (Whiten et al., 1996), a Perspex box containing an
edible item at its core; the fruit can typically be opened in one of two ways (using a bolt
latch or a barrel latch for example), and a demonstrator would showcase one method
often alongside some irrelevant action such as stroking the box to test which actions were
copied by the subjects (see Section 2.2.1). Using a version of this paradigm Whiten and
colleagues (2009) suggest that children adopt a “copy-all, refine-later” strategy that
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enables them to acquire vast amounts of cultural knowledge quickly. This causal-
confusion account of imitation essentially suggests that we imitate because we are
confused about the exact features of an action sequence that contribute causally to
achieving the goal. While this explains high-fidelity copying among young children,

three strands of evidence stand counter to this view, which we review in detail below.

First, a number of studies have shown that that neurotypical children are able to
identify the features of an action as “silly” and yet persist in overimitating them (Lyons
etal., 2007; Marsh et al., 2013). We should note that Lyons (2007) argues that the tendency
of children to encode all of an adult’s actions as causally-relevant is so strong that it
overrides countervailing task demands, time pressures, and explicit warnings to not copy
the irrelevant actions. Regardless, we can conclude that overimitation does not extinguish

with greater knowledge of the causal mechanisms driving an action sequence.

Second, studies have also shown that overimitation does not disappear as
development proceeds; indeed, several studies have shown that even older children
overimitate. Horner and Whiten (2005) showed that children, unlike chimpanzees,
copied causally-irrelevant actions with high fidelity. This finding was replicated with
three-year olds (McGuigan et al., 2007), and this same study showed that the propensity
to overimitate increased when the study was performed with five-year olds; this suggests
that overimitation is not merely a side-effect of immature cognitive capabilities. There is
growing evidence that adults overimitate as well (Flynn & Smith, 2012; Whiten et al,,
2016). Flynn and Smith (2012) also showed that overimitation does not diminish in the
face of time pressure or the inclusion of a monetary reward for performing the most
efficient action (and discarding the irrational features of the action sequence). The only
situation in their experiment where overimitation is reduced was when the task was
demonstrated by a naive co-participant, suggesting that social context modulates

overimitation.

Finally, turning to the question of selectivity in overimitation: an influential study
by Meltzoff (Meltzoff, 1988) showed 14-month-old infants a novel action involving a
demonstrator sitting at a table and bending forward from the waist to touch a panel in
front of them with their forehead; pressing the panel illuminated a light bulb. When
tested a week later, infants who were shown the irrational action showed a high
propensity to imitate it. However, a subsequent study (Gergely et al., 2002) showed that
infants can be selective: in this study the authors showed that 14-month old infants only

copied the irrational action if it was demonstrated by a demonstrator whose hands were
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free to press the panel, but they still chose to use their forehead. In cases where the
demonstrator’s hands were constrained in a sheet and they used their forehead, the
children themselves used their hands to press the panel. This suggests that even very
young children can be highly selective, choosing either a rational or irrational response

based on context.

In contrast to the causal-confusion account, the rational-normative account of
Imitation instead suggests that the causally-irrelevant actions are viewed as part of the
normative conventional whole (Keupp et al., 2013, 2015). Let us take a scenario where
participants view an action sequence of say, a causally relevant action (A) followed by a
causally irrelevant action (B) which brings about an effect (E); according to this account,
participants who overimitate A+B = E view the task not as “bring about E”, but as “perform
A and B in order to bring about E”. In an interesting study, Keupp et al (2015) showed
children an action sequence known as “daxing” which involved both relevant and
irrelevant actions. The children were then told to either “bring about E” or “dax” (both of
which had the same end goal of E). When children were asked to “dax”, they copied with
high fidelity, whereas when the task context was changed, a significant portion of children
did not overimitate. However, while this offers an account of specific situations where
there is no causal confusion but perhaps there is opacity about the exact end-goal, it does

not allow for a more generalisable theory of overimitation.

12.8. Imitation serves an affiliative purpose

An alternate strand of explanation of imitative behaviour centres on communicating
mutuality (Uzgiris, 1981), often termed the affiliative account of imitation. In this
account, people may be aware that an action is irrelevant, and not see it as necessary (or
part of the normative whole), but nevertheless copy it for some affiliative purpose. Under
this view we can conceive of imitation as a social signal that is sent to achieve some social
aim. If this were true, then we should show that imitation is modulated by social context,
and that being imitated has some positive social effect. We use the term social throughout
this thesis to refer to thought, feeling or behaviour of an individual that is influenced by
the actual, imagined or implied presence of others (Allport, 1954). In this section we first
review the evidence on whether imitation is socially-modulated before examining what
we know about the effects of being copied. The affiliative account of imitation accounts
for the flexibility seen in empirical studies of overimitation, where children appear to
choose to overimitate (or not) based on a variety of socially motivated factors such as the

presence of a demonstrator, whether the demonstration involved a video or a live person,
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and whether the participant was being watched. A study by DiYanni, Nini and Rheel
(2011) involved an adult model on video rejecting a more efficient tool for a task in favour
of a less efficient tool; children who watched these videos were more likely to
subsequently copy the model’s choice when the model was present when the children
were making their choice than when the model was not present during the child’s turn.
A similar result was found by Nielsen and Blank (2011) in a study involving pre-schoolers
who watched two adult demonstrators show them how to get a toy out of an apparatus;
one adult used only causally-relevant actions while the other included irrelevant actions
in her demonstration. Subsequently, one of the adults remained in the room while the
other left, and it was the child’s turn. They found that children copied the irrelevant
actions in their turn but only when the adult who demonstrated the irrelevant actions was

the one remaining in the room with them.

With regards to how the demonstration is delivered, studies have spanned from
using video demonstrations, to humanoid robots, and live demonstrations from humans.
The research suggests that the degree of imitation is modulated by the nature of the
demonstration: Marsh, Ropar and Hamilton (2014) found that children overimitated
irrational actions to a greater extent when watching a live demonstrator than when
watching a video demonstration, and this effect was more pronounced among older
children. This is similar to a result found among younger children (24-month olds) in a
study that showed that children were likely to copy live models, or models they could
communicate with via CCTV, to a greater extent than videotaped models who could not
interact with them (Nielsen et al., 2008). Finally, it has also been shown that children are
likely to copy humanoid robots but to a lesser degree than human demonstrators
(Sommer et al., 2020). In contrast to these results, however, a study by Lyons (2007)
showed that children overimitate even when the demonstrator is absent. To explain this
apparent contradiction we consider a newer study by Marsh, Ropar and Hamilton (2019)
which showed that children overimitate when the demonstrator watched them and when
the demonstrator left the room, but not when she turned away from them in the same
room. This suggests that perhaps in an experimental context, the demonstrator exiting
the room still leaves open the possibility that we may be being watched from outside,
while clear disengagement from a demonstrator in the same room reduces the
propensity to overimitate. Taken together these studies suggest that the extent to which
an intended interaction partner is available to view or interpret our actions influences the
extent to which we imitate. In this thesis we term this availability as specifically the social

availability of the interaction partner.
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This social availability of the interaction partner in this thesis specifically refers to
whether the interaction partner is watching the participant. Having reviewed studies on
the presence or absence of a demonstrator when it comes to children, we now turn to
studies of adults where the effect of eye contact and gaze can be specifically studied. In
an innovative study, Bavelas and colleagues (1986) showed that the extent to which
participants winced when an apparent victim was injured was related to whether the
victim was looking at the participant at the time of the injury, what they term the visual
availability of the victim. A more recent study has also shown that eye contact modulated
the mimicry of rapid hand actions (Wang, Newport, et al., 2011). This effect of being
watched has also been shown to persist across cultures: a recent study testing children
between the ages of three and eight from two rural populations in Namibia and an urban
German population found that across cultures children tended to imitate adult actions to
a greater extent when the adult model was present rather than absent (Stengelin et al.,
2019).

In this section we have focused mainly on whether an interaction partner is
available to receive an imitative signal or not. There are other social factors that may also
influence the extent of imitation, such as group membership; however the evidence here
is considerably more mixed (see Marsh et al., 2016 for a review of these effects). As we
have noted above, one study showed that the extent of overimitation reduced when the
demonstrator was replaced by a naive co-participant (Flynn & Smith, 2012). Other studies
have showed that we tend to imitate those we share group membership, political views,
or interests with to a greater extent (Bourgeois & Hess, 2008; Yabar et al., 2006); however
a follow-up experiment by Yabar and colleagues (2006) failed to replicate their initial
finding that group membership boosted imitation. When it comes to race, the evidence
has been similarly mixed with studies showing no effect (Bourgeois & Hess, 2008), or
showing that some races are more likely to demonstrate an increase in imitation of same-
race members than others (Mondillon et al., 2007). Other studies have also shown that a
demonstrator’s race modulated the brain activity seen in a participant during an imitation
task (Losin et al., 2012). As Marsh and colleagues (2016) note, frequently in the literature
the same mechanism of affiliative intent is used to explain effects that run in opposite
directions: i.e., we want to affiliate more with outgroup members and therefore copy
them more; or we are compelled to affiliate more with ingroup members and therefore
copy them more. Multiple social variables may also throw up interaction effects: one
study showed that we copy ingroup members with greater fidelity than outgroup
members in a cooperative context, but this effect disappears in a competitive context

(Gleibs et al., 2016). While these dynamics are interesting, the evidence thus far does not
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lend itself to robust theory-building. In this thesis, we are focused only on the extent to
which an interaction partner is available to view the imitative behaviour, and not on the

characteristics of the partner themselves.

Thus far in this section we have reviewed evidence of why individuals imitate
others. We now turn to the question of what being copied does to the other partner in an
interaction. When Alice copies Betty, what effect does it have on Betty, and what benefits
accrue to Alice as a result? At a very basic level, being imitated has been shown to foster
faster motoric responses (Pfister et al,, 2013). We are more interested in the social
outcomes, and here a seminal study by Chartrand and Bargh (1999) showing that
interacting with a confederate who mimicked one’s posture and movements increased
the liking between interaction partners; this study also showed that the effect ran both
ways—we feel more affiliation to people we copy, and we feel more affiliation to others
who copy us. Other studies have built on this to show that participants who are given an
affiliation goal increase their propensity to mimic their partner (Lakin & Chartrand,
2003). This has been termed the chameleon effect, and under this theory imitation is
conceptualised as a social glue that increases our social advantage (Lakin et al., 2003;
Wang & Hamilton, 2012).

In addition to increasing affiliation, researchers have also found other
downstream consequences of being mimicked (Chartrand & Lakin, 2013). When
interacting with someone who copies us with greater fidelity, we view them as more
knowledgeable (van Swol, 2003); we also enjoy a salesperson’s product more if they
mimic us (Tanner et al., 2008). Being mimicked also led customers to leave larger tips for
waitstaff (van Baaren et al., 2003), to people being more likely to make charitable
donations (Stel et al., 2008) or to provide money to a stranded stranger (Fischer-Lokou
et al., 2011). People who were mimicked were also more likely to be helpful, by picking
up a pen for someone (van Baaren et al., 2004) or even engage in more costly helpful
behaviour such as accompanying someone on a 15-20 minute walk (Muller et al., 2012).
This effect is not limited to humans: Suzuki and colleagues (2003) found that we liked an
animated character to a greater extent when it mimicked the prosodic features of our
own voice; Bailenson and Yee (2005) similarly showed that we liked virtual characters
who imitated our head movements to a greater extent than those who showed no

mimicry®. This effect is also not limited to adults, with even very young children (18-

3 We should note that Hale and Hamilton (2016b) found that being mimicked by a virtual avatar
did not always increase rapport or trust, finding instead a null effect in a pre-registered study.
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month olds) being more likely to help adults who had mimicked them (Carpenter et al.,
2013). In contrast, encountering an interaction partner who exhibits very low levels of
mimicry has been seen to increase cortisol levels, which are associated with increased

stress (Kouzakova et al., 2010).

12.4. Summary

While the causal-confusion and rational-normative accounts of imitation can explain
certain types of overimitation in specific contexts, particularly when it comes to object-
learning imitation, they fail to explain a wide variety of other factors and situations in
which overimitation occurs. In contrast, the affiliative account of overimitation appears
to hold promise in generating new theories on overimitation. The affiliative account
posits that we copy in order to achieve certain social goals, and imitation thus functions
as social glue; however there is no clear theory on how imitation performs this function.
In this thesis we have developed and tested the social-signalling theory of imitation,
which builds on the affiliative account to generate testable hypotheses on how imitation

functions as a social signal. In the next section we review this in greater detail.

1.3. Imitation as a social signal

As reviewed in the previous section, the literature on copying appears to suggest that
being copied leads to positive social outcomes, while not being copied is associated with
more negative social outcomes. We now turn to the question of whether this is a happy
side-effect, or one of the aims of imitation. The social top-down response modulation
(STORM) model (Wang & Hamilton, 2012) reviews a wide range of existing
neurocognitive evidence to suggest that imitation is socially modulated and incorporates
a “Machiavellian goal of increasing one’s social standing”. The STORM model thus makes
a highly specific claim that we imitate in order to affiliate (in the same vein as the
argument advanced in Farmer et al., 2018; Over & Carpenter, 2013). The model suggests
that the decision to copy or not in a specific situation is modulated by whether your
interaction partner is available to receive your signal (i.e., that you are imitating them)
(Wang & Hamilton, 2012). This claim has not been rigorously tested, however, and that is
what this thesis is attempting to do. We know from the literature above that imitation is
modulated by social context, but we do not know if it is specifically a signal that is

modulated by whether we are being watched or not.
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131 What constitutes a signal?

In the literature so far, we know that some social factors influence the degree of imitation.
However, we do not know if imitation is explicitly a social signal. Here, it would be useful
to define what a signal comprises; building on the definitions used in animal behaviour
(Stegmann, 2013) we see a signal as an action that is sent by one individual, received by
another, and benefits both parties in an interaction. In this respect it stands in contrast to
a cue, which is an action that only benefits one party in an interaction. A classic example
of a cue is when a mosquito detects carbon dioxide in the air and finds a mammal to bite;
the mammal is not intentionally sending this out as a signal to derive any benefit. A signal
in contrast is sent to benefit both parties in an interaction. Here, as we have seen from the
literature reviewed in the previous section, we know that imitation increases prosociality
and has a range of positive outcomes. We also know that not being copied in some cases
leads to an increase in stress. This offers support to the hypothesis that imitation may be

a social signal.

13.2. Can we engender a change in behaviour (imitation) by changing the
social context?

The other building block of this theory rests on us being able to manipulate the extent to
which an imitative signal is sent by manipulating the social context. As we noted above, a
variety of social factors relating to the interaction partner (including availability, group
membership, status) may influence the degree of imitation. In this thesis we are
exclusively focused on whether the interaction partner is available to receive the imitative
signal, and whether manipulating this availability can engender a change in the degree of

imitation.

We will now review the evidence that being watched by an interaction partner can
influence our behaviour. Early animal studies conducted on rats, monkeys, and even
cockroaches have shown evidence of social facilitation or changes in behaviour in the
presence of a conspecific (Zajonc, 1965); these effects have been thought to arise from an
increase in arousal, and occur regardless of whether the conspecific is actually watching
them or not (Zajonc & Sales, 1966). When it comes to the specific effect of being watched,
in humans this is termed the audience effect, a phenomenon that has been studied for a
long time (Triplett, 1898). As we have seen in Section 1.2.3 there is growing evidence that
the presence of a demonstrator influences the degree of imitation. In other realms too,
we see that being watched leads to changes in behaviour. Canigueral & Hamilton (2019b,

2019a) have shown that participants tend to gaze less at a live interaction partner (when
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compared with a video), and behave in a more prosocial manner when they believe they
are being watched. Other studies have also shown that people’s behaviour changes even
when the feeling of being watched is manipulated at an abstract level, such as when
people are told their cognitive capacity is being evaluated (Bengtsson et al., 2009), or
when people make disclosures about themselves in the presence of others (Izuma et al.,
2010).

Taken together these studies suggest that being watched will change behaviour,
but the evidence on the direction of behavioural change is mixed and may depend on the
task (both in terms of novelty and complexity) and social context. In this thesis, we are
seeking to test whether imitation is a social signal. If Alice and Betty are engaged in a
pairwise interaction, and Alice performs an action that includes irrational steps, then we
are interested in whether Betty copies Alice’s action, and whether this copying constitutes
a social signal. If it is a social signal, then it should be influenced by the extent to which
Alice is socially-available to receive a signal. That is, Betty should copy the irrational
steps when she knows Alice is watching her, and not bother with copying the irrational

steps when she knows that Alice is not watching her.

In this thesis we manipulate the social availability of an interaction partner by
designing a paradigm where in some trials the interaction partner will be viewing the
participant make a response and in other trials the interaction partner will not be viewing
the participant make a response. In the case of Alice and Betty, in half the trials Alice will
watch Betty make her response, while in the other half of the trials Alice will have her
eyes closed. The full paradigm design is discussed in detail in Chapter 2. If imitation is a
social signal sent by Betty to Alice when Alice performs an irrational action, then the

following should occur:

(a) Betty should recognise (either consciously or unconsciously) that Alice has
performed an irrational action

(b) Betty should recognise on a trial-by-trial basis whether Alice is socially-available
or not (i.e., whether Alice is watching Betty or not)

(c) Betty should copy Alice’s actions, including potentially Alice’s irrational actions

(d) The extent to which Betty copies Alice’s irrational actions will be modulated by

Alice’s social availability

Of these hypotheses, (a) and (b) will be tested by measuring brain activity (in the
experiments in Chapter 4 and Chapter 5), while (c) and (d) will be tested behaviourally

across all four experiments (outlined in Chapters 3-5) in this thesis.
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1.4. Brain mechanisms of imitation

From addressing why we copy, and delineating our theory of imitation as a social signal,
we now turn to the brain mechanisms underpinning imitation. We start by reviewing the
basics of imitation, which involve observing and producing actions. We then incorporate
evidence that imitation is selective and highlight cognitive models that account for this,
as well as brain regions thought to be implicated in this selectivity and control of
imitation. We turn then to the question of how we assess and process irrationality before

finally reviewing what we know of the neural correlates of being watched.

14.1 Understanding actions, and controlling imitation

On a basic level imitation involves observing and producing an action. The direct-
matching hypothesis (Rizzolotti et al., 2001) posits that we understand actions by
mapping the visual representation of the observed actions onto our motor representation
of the same action, implying some sort of “resonance” between the observational and
motor systems. The genesis of this idea comes from the discovery several decades ago of
neurons in the F5 area (the ventral premotor cortex) of the macaque monkey that showed
activation both when the monkey observed and executed actions (di Pellegrino et al,,
1992; Rizzolotti et al., 1996). These neurons in macaque monkeys have been termed
mirror neurons. While single neuron recordings have rarely been recorded in humans
(although see Mukamel et al.,, 2010 for an account of single neuron responses in the
medial frontal and temporal cortices), there has been detailed evidence from functional
magnetic resonance imaging (fMRI) studies that show that there exists a mirror neuron
system (MNS) in humans which comprises cortical areas active during action observation

and action production (Buccino et al., 2001; Kilner et al., 2009).

The human MNS comprises the frontal gyrus (IFG), or Broca’s area, the inferior
parietal lobule (IPL) and the superior temporal sulcus and middle temporal gyrus
(STS/MTG). The MNS is thought to enable imitation by directly mapping observed
actions onto one’s motor system (Iacoboni, 1999, 2005; Rizzolotti & Craighero, 2004). A
large meta-analysis by Caspers et al. (2010) reviewed 139 experiments that used fMRI as
well as positron emission tomography (PET) to identify cortical areas that were
consistently involved in action observation and imitation. This meta-analysis found
consistent activations in a broader MNS including the IFG, the IPL, the premotor cortex
and adjacent superior frontal gyrus, supplementary motor area, and visual area V5 during
action observation and imitation tasks. Thus, the MNS is part of the visuo-motor system,

responding both when we perform actions and observe them. A number of studies have
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shown that parts of the MNS such as Broca’s area (Molnar-Szakacs et al., 2005; Nishitani
& Hari, 2000) are active when observing and imitating a wide range of actions ranging
from hand movements (Molenberghs et al., 2009) to lip forms (Nishitani & Hari, 2002).
The direct-matching hypothesis suggests that the MNS is the primary mechanism
through which we can understand others actions and imitate them (Rizzolotti &
Craighero, 2004; Rizzolotti & Sinigaglia, 2010). However, this assertion remains
controversial. Two key issues to address here are what we mean by action understanding,
and how the brain decides to control imitation and select which actions to imitate. We

examine these in turn below.

Imagine we are watching someone put away toys in a playroom. Viewing her we
can describe what she is doing as (variously): ‘housekeeping’, ‘tidying a playroom’,
‘putting the Duplo™ away’, or ‘utilising a precision grip to move blocks from the floor to
a box using a relatively straight-line trajectory’. Although the actions appear identical
from a kinematic point of view, the brain areas implicated in the lower-level processing
are different from the brain areas involved in synthesising and higher-order processing
of actions. Early MNS research claimed that the MNS is involved in “understanding from
within” suggesting it plays a key role in high-level processes such as inferring intentions
from observed actions (Rizzolotti & Sinigaglia, 2010). However, this assertion is
unsupported by evidence: as Heyes and Catmur (2021) note if we can understand
intentions only by matching motor movements, then those who cannot match
movements, such as individuals born without upper limbs, would not be able to
undertake action-recognition, and here the evidence is decidedly mixed. Evidence from
neuroimaging studies also show that the MNS is involved in encoding low-level
representations of observed actions (‘using a precision grip to move blocks’) rather than
abstract representations (‘tidying up’) (Wurm & Caramazza, 2019; Wurm & Lingnau,
2015). Instead, other brain regions have been implicated in instantiating this higher-order
processing. Csibra (1993) argues that empirical evidence suggests that rather than
understanding action via direct mirroring or matching, we instead interpret actions
outside of the motor system. Brass and colleagues (2007) showed that understanding
actions in plausible and implausible contexts (a demonstrator used their knee to press a
light switch when their hands were occupied versus when their hands were unoccupied)
involved activations in the STS and the dorsolateral prefrontal cortex (dIPFC) rather than
traditional MNS areas. This suggests that the MNS is involved in low-level processing
rather than making higher-order inferences about actions (Heyes & Catmur, 2021;
Thompson et al., 2019).
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We now turn to the question of imitation control and selectivity. As we have seen
in the section on theories of imitation (see Section 1.2.2) humans do not imitate
indiscriminately. Imitation is a sophisticated and dynamic process, and for each
encounter, we choose whether to copy or not, and whether to copy only the end goal, the
kinematics of the movement, or both. This is dealt with in theoretical models by
incorporating a control mechanism; below we review two models that address this

question.

The Emulation, Planning and Mimicry (EP-M) model envisages two routes by
which imitation may occur (Hamilton, 2008). This model suggests that there are three
main nodes in the brain involved in supporting the observation and imitation of an
action: the IFG, the IPL and the MTG. All action is initially observed and processed in the
MTG where key kinematic features are extracted. Following this, if the action is goal-
directed then it follows an emulation pathway to the IPL, where the goal of the action is
processed. Next the signal is sent to IFG via a planning pathway where the kinematic plan
for the action execution is formulated. This is termed the emulation-planning pathway
for goal-directed actions. For actions where there is no goal, a direct mimicry pathway is
posited from the MTG to the IFG.

The STORM model (Wang & Hamilton, 2012) in contrast suggests that imitation
is controlled in a top-down manner rather than within the MNS. Here, it is suggested that
the MNS performs the action-observation and execution functions as expected, but this
is modulated by the medial prefrontal cortex (mPFC) which imposes a social meaning for
the actions onto the MNS. This allows us to distinguish between someone raising their

hand to wave to a friend across the hall versus raising their hand to hail a cab for example.

A recent review of the mechanisms of imitation reviewed the empirical evidence
for the direct-matching hypothesis as well as the EP-M and STORM models and found
that there was evidence to support an integrated EP-M and STORM model (Yates &
Hobson, 2020). Indeed in the original formulation of the EP-M model it was suggested
that the dysfunction in the M-pathway could arise from a disruption to the top-down

modulation of the signal (Hamilton, 2008).
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model is depicted within the dotted lines comprising the MNS. This delineates two
paths for information processing within the MNS: the Emulation-Planning (EP)
pathway which allows for processing of goals of an action before generating a motor
plan; the Mimicry (M) pathway in contrast allows for quick, direct copying, eschewing
higher-order cognitive processing (Hamilton, 2008). The STORM model (Wang &
Hamilton, 2012) incorporates a top-down socially-modulated control of this process as
well. Figure adapted from Wang & Hamilton (2012)

Brain regions involved in control of imitation

We now turn to reviewing the most recent empirical evidence from brain imaging studies
showing the regions involved in the control of imitation. Inhibiting imitation appears to
involve the mPFC and the temporal-parietal junction (TP]), as shown in a pair of studies
by Brass and colleagues (2001, 2005). Another pair of studies by Brass and colleagues
(2003, 2005) also showed that the networks involved in inhibiting imitation are both
anatomically and functionally distinct from those involved in inhibiting other types of
prepotent responses such as those engaged in the Stroop task. This suggests that this is
domain-specific to imitation, rather than part of a more domain-general inhibitory
mechanism. The mPFC and the TP] also form the core of the mentalising network
(Amodio & Frith, 2006; Frith & Frith, 2003) leading to suggestions that imitation
inhibition and mentalising may be linked; Brass et al. (2009) suggests that both require
good self-other distinction. In a series of studies they established that mentalising ability
and the ability to inhibit imitative responses are positively related in those with lesions in
the prefrontal cortex or the TPJ (Spengler, von Cramon, et al., 2010), in those with autism
(Spengler, Bird, et al., 2010), and in healthy neurotypicals whose self-other distinction
was manipulated experimentally (Spengler, Brass, et al., 2010). Several stimulation studies
have shown that applying excitatory stimulation via transcranial direct-current

stimulation (tDCS) to the TP] improves imitative control (Hogeveen et al., 2015;
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Santiesteban et al., 2012, 2015); in a similar vein disruptive stimulation targeting the TP]
via transcranial magnetic stimulation (TMS) has been shown to interfere with
performance on imitative-control tasks (Sowden & Catmur, 2015). The mPFC meanwhile
is implicated in modulating imitative behaviour, particularly in mediating the effect of
social priming (Wang & Hamilton, 2015) and eye-gaze (Wang, Ramsey, et al., 2011) on
imitation. It has been suggested that the TP] may be involved in inferring temporary
states of mind, while the mPFC integrates these over time into broader traits (Van
Overwalle, 2009). In summary the evidence suggests that mentalising networks in the

brain are also involved in imitation.

14.2. Assessing rationality

Beyond observing and reproducing actions imitation also involves examining the
rationality of actions (i.e., whether it is congruent with expectations given the implicit
goal of the action and the context). In a seminal study Gergely and colleagues developed
a paradigm showing a ball moving from point A to point B with a curved, high trajectory;
in the rational version of the experiment, a large rectangular obstacle is shown placed
between points A and B, while in the nonrational version, the obstacle is shown placed
before point A (Gergely et al., 1995). In this thesis this is the conception of rationality that
we are focused on: a rational agent is assumed to perform an action that will lead to
achieving his goal in the most efficient manner (Gergely et al., 1995). In this context,
irrational actions are those that are inefficient kinematically. Merely moving a ball from
A to B with a high trajectory is hard to interpret: if we see the obstacle between the points
then it is congruent with expectations; if however, there is no obstacle, then the high
trajectory violates our expectations (Gergely & Csibra, 2003) and can be considered
irrational. Several studies have shown that these violations of expectations are
accompanied by activations in the STS (Greézes et al., 2004; Pelphrey et al., 2003; Saxe et
al., 2004). Activation in an adjacent region, the MTG has been found to be positively
correlated with the degree of (ir)rationality of an action (Jastorff et al., 2011; Marsh,
Mullett, et al., 2014). Several studies have also shown increased activation in the TPJ and
the IPL when observing irrational actions (Brass et al., 2007; Marsh, Mullett, et al., 2014;
Marsh & Hamilton, 2011; Oliver et al., 2017). One brain region where the evidence is
mixed is the mPFC: two studies showed deactivation in the mPFC for irrational actions
(Marsh, Mullett, et al., 2014; Marsh & Hamilton, 2011), while others have found an increase
in activation in this region when it comes to observing novel irrational actions (Brass et
al., 2007) or when there was a mismatch between the content of a narration by an actor
and their facial affect (Decety & Chaminade, 2003). It should be noted that all the studies
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reviewed above are observational studies; for practical reasons it is difficult to study
imitation within the constraints of a scanner. In using a novel wearable neuroimaging
modality (covered in detail in Chapter 2) we hope to advance our understanding of the
neural correlates of processing irrational actions in the context of choosing to imitate

them or not.

We should also explicitly note that irrational and rational actions as envisaged in
this thesis, and in this literature on overimitation in general, can also be described as
efficient and inefficient ways of achieving a goal, or involving a violation of expectations
on how a goal should be reached. In line with how irrationality is envisaged as a

behaviour in this field, this is how the terms have been used in this thesis.

14.3. Being watched

As we set out to test out our social-signalling hypothesis of imitation it is important to
also understand brain regions that may encode the social availability of an interaction
partner. The key question here is whether there is a brain region that responds to being
watched. The answer is tricky to investigate from a technological standpoint within
typically used neuroimaging modalities since they usually study one subject in isolation
in a scanner. However, there are several studies that have attempted to overcome these
barriers using innovative solutions. One fMRI study allowed a participant inside the
scanner to interact face-to-face with a partner in the scanner room via a mirror-array
mechanism; it was shown that direct gaze by the partner was associated with increased
activation in the IFG, premotor cortex and the supplementary motor area, while
increased activation in the mPFC was seen in the mutual-gaze condition (Cavallo et al.,
2015). A hyperscanning fMRI study—where two participants were scanned
simultaneously side-by-side—measured neural activation when pairs of participants
exchanged eye signals found increased activation in the anterior cingulate cortex (ACC)
and the cerebellum during live eye contact when compared to a condition where
previously-recorded eye contact was replayed (Koike et al., 2019). Another hyperscanning
study using functional near-infrared spectroscopy (fNIRS) and eye-tracking found that
participants who were engaged in a social joint attention task (cued by eye gaze) showed
greater activation in the right TP] (Dravida et al., 2020). Other studies have also shown
that mentalising networks are reliably engaged when we encounter direct gaze (Wang,
Ramsey, et al., 2011) and when people believe they can be seen (Somerville et al., 2013).
Some studies that have manipulated the feeling of being watched at a more abstract level

by telling people that they are being evaluated in some way: Bengtsson and colleagues
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(2009) found that when a group of participants were told that their cognitive abilities
were being evaluated, they showed greater activation in the anterior paracingulate cortex,
which is part of the mentalising network. Another study induced feelings of
embarrassment among participants in a scanner and found increased activation in the
mentalising networks (Miller-Pinzler et al.,, 2015). Similarly, subjects making self-
disclosures showed strong activation in the mentalising networks including the mPFC

and the striatum during self-referential processing (Izuma et al., 2010).

14.4. Summary

In summary, observing and producing actions appears to involve the mirror-
neuron system, or MNS, while the inferential and control processes around imitation
implicate the mentalising network. Processing the rationality of actions appears to
involve both parts of the MNS and the mentalising network. Finally, based on the
evidence of gaze studies and audience effects, it appears that the mentalising network is
also likely to be involved in encoding the effect of being watched, or the social availability

of one’s interaction partner.

L5. Studying imitation through deficits: Imitation in autism

When considering the mechanisms underlying copying, it is considered useful to
compare the behaviour of neurotypicals with those who exhibit imitative deficits; one
large clinical population that has been thought to have imitative deficits is autistic
people?. These deficits along with the key role that the MNS is thought to play in imitation
under the direct-matching hypothesis has led to strong claims that autism is associated
with dysfunction in the MNS (Ramachandran & Oberman, 2006), known as the broken-
mirror hypothesis. In the next section we first outline what autism involves, before
considering the evidence regarding imitative deficits in autistic people and the related

evidence surrounding the broken-mirror hypothesis.

15.1 What is autism?

Autism is a highly heritable, heterogenous, and lifelong neurodevelopmental condition

that affects one’s ability to relate to and communicate with others. According to the most

4 There is ongoing debate within the autism community on the usage of ‘people-first’ (ie. Adults
with autism) or ‘identity-first’ (i.e. autistic adults) language to describe autism; while many autistic
adults prefer the identity-first formulation, this is not universal, and many professionals continue
to endorse people-first language (Kenny et al., 2016). This thesis uses both terms interchangeably.
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recent edition of the Diagnostic and Statistical Manual (DSM-5) used by clinicians autism
is characterised by “persistent difficulties with social communication and social
interaction” and “restricted and repetitive patterns of behaviours, activities or
interests”(American Psychiatric Association, 2013). To receive a clinical diagnosis these
impairments must be present from early childhood, and to such an extent as to “limit and
impair everyday functioning”. While prevalence estimates vary widely worldwide
(largely owing to methodological issues in diagnosis), a recent review commissioned by
the World Health Organization (WHO) estimates that around one in every 160 children
has autism (Elsabbagh et al., 2012). The condition is heterogenous and the term autism
has been used both as an umbrella term for a variety of presentations as well as a specific
diagnosis within a category previously known as pervasive developmental disorders
(Lord et al., 2020). To clarify diagnostic criteria, the DSM-5 uses autism spectrum
disorder (ASD), often also referred to as autism spectrum condition (ASC), as term for the
broader presentation, and uses various clinical modifiers to differentiate subgroups. This
diagnosis of ASC replaces previously used diagnoses of autistic disorder, Asperger’s
disorder, or pervasive developmental disorder. In this thesis the terms ASC and autism

are used interchangeably in line with these diagnostic criteria.

Autism has a strong genetic component (Le Couteur et al., 1995; Rutter & Thapar,
2014; Steffenburg et al., 1989), and co-occurs more frequently in people with some other
genetic syndromes, such as Fragile X Syndrome (Hatton et al., 2006). Autism is also
associated with a range of other conditions that frequently co-occur including depression
(Stewart et al., 2006), epilepsy (Clarke et al., 2005; Viscidi et al., 2013), anxiety (Kim et al.,
2000; Simonoff et al, 2008; White et al., 2009), or attention-deficit hyperactivity
disorder, or ADHD (Jang et al., 2018; Johnson et al., 2015). Another common co-occurring
diagnosis is of intellectual disability, with rates of overlap ranging from 80-50%
(Chakrabarti & Fombonne, 2005; Matson & Shoemaker, 2009).

15.2. Imitation In autism

Despite decades of research into the issue (DeMyer et al., 1972) the question of whether
people with autism experience imitative impairments remains controversial (for a
detailed review see Vivanti & Hamilton, 2014). Impairments in imitation were not initially
observed by the diagnosticians who first described the condition observed (Asperger,
1944; Kanner, 1943), but both noted that those with autism often failed to learn from
others (Vivanti & Hamilton, 2014). Rogers and Pennington (1991) suggested that autism

involved impaired self-other representations that first manifested as imitative
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impairments, which then cascaded down into deficits in theory of mind. While the
official diagnostic criteria (namely the DSM-5) for autism does not refer specifically to
imitative impairments, diagnostic and screening tools do involve evaluating spontaneous
imitation (Rutter et al., 2003). To some extent, this may have been justified given early
findings. Jones and Prior (1985) for example found that children with autism performed
worse than matched neurotypical children on motor imitation tasks, and suggested this
may explain the failure of children with autism to learn to use gestures. Another study
showed that children with ASC imitate tasks that had high motor demands more poorly
compared to low motor demand tasks, while this discrepancy was not seen in
neurotypical children (Chetcuti et al., 2019). One recent study showed that individuals
with autism imitate intentional as well as accidental actions, while neurotypical
individuals imitate only the intentional actions (D’Entremont & Yazbek, 2007). This
stands in contrast with a study by Marsh and colleagues (2013) which tested neurotypical
children and children with autism on a puzzle-box task (for a detailed overview of
paradigms used see Section 2.1) where a demonstrator showed the children how to
retrieve a toy from a box using a mix of necessary and unnecessary actions; here, while
neurotypical children copied the unnecessary actions much more frequently than autistic

children (despite both groups being able to understand these actions as “silly”).

Some larger reviews have supported this view that those with autism demonstrate
imitative impairments, with one review of 21 studies showing that children with ASC
performed worse in imitative tasks (Williams et al., 2004), and suggesting that ASC may
be associated with delayed development of imitative abilities. Another review of 53
studies on imitation found impairments among those with ASC and showed that the
severity of autistic symptoms was correlated with increasing imitative impairments, but
was not correlated with intellectual impairments measured via 1Q (Edwards, 2014);
however this review also found great heterogeneity in imitative deficits, and found that
when only the ability to emulate was tested, those with ASC showed no impairments
when compared with neurotypicals. The broken-mirror hypothesis (Ramachandran &
Oberman, 2006) emerged as a way to explain the imitative deficits seen in autistic people.
This theory suggests that autistic people have dysfunctional MNS which leads to global

impairments in imitation.

However, people with autism show great heterogeneity in imitative impairments.
A number of studies have shown little or no difference in imitative abilities between
neurotypicals and those with autism. One study from two decades ago, for example,

showed that children with autism performed better than neurotypical children and
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children with Down syndrome at imitating pretend play acts (Libby et al., 1997). Dapretto
and colleagues (2006) tested high-functioning children with autism and matched controls
on imitating and observing emotional expressions while recording their brain signals,
and found that both groups performed equally well, but had different patterns of neural
activity; children with autism showed reduced response in the IFG (part of the MNS)
when compared with neurotypical children, and the extent to which their response in
this region was reduced was inversely related to the severity of their autism symptoms.
Another study that similarly tested automatic imitation of facial actions showed no
difference between those with autism and neurotypicals (Press et al., 2010). Sowden and
colleagues (2016) tested 60 autistic adults with matched controls on an automatic
imitation task and showed that both groups showed similar significant imitation effects,
wherein they executed an action faster when it was preceded by viewing the same action
rather than an alternate action. They also showed that the tendency to imitate was
correlated with symptom severity among autistic adults. These results stand in contrast
to the broken-mirror hypothesis since according to that theory the imitative abilities of

those with autism should be impaired relative to neurotypicals.

Overall, there appears to be significant heterogeneity in imitative impairments,
both depending on the exact nature of the task and the severity of autistic symptoms. The
empirical evidence here also ties in with the alternate theoretical accounts of imitation
described in the previous section, namely the EP-M and the STORM model. The EP-M
model suggests that the EP route is intact in those with autism while the M route is
impaired affecting their ability to mimic actions. The STORM model meanwhile claims
that imitative impairments in autistic people arise from the way the MNS is regulated
top-down rather than from within the MNS itself. These explanations appear to be borne
out when we consider some of the evidence. Hobson and Lee (1999) showed that autistic
people can emulate the end result of an action sequence even when not copying the style
of the action. A later replication showed that those with autism copy the style of an action
when it is necessary to achieve the goal, but not when it is incidental, while neurotypical
participants copy the style of an action in both conditions (Hobson & Hobson, 2008). This
suggest that autistic individuals may tend to imitate more rationally, copying the goal and
copying the style only when it is necessary, while neurotypicals may tend to copy

irrational elements as well.

Other studies have suggested that the imitative deficits in autism may arise from
impairments in imitative control rather than global impairments in imitation (Schunke

et al., 2016): the authors in this study tested autistic adults and controls using simple
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finger-lifting movements in response to biological and non-biological stimuli, and to
compatible and incompatible stimuli; while they found that both groups processed
biological stimuli faster than non-biological stimuli, they found that autistic adults
responded very slowly to incompatible stimuli. Another study testing autistic children
and adolescents and matched controls on automatic facial mimicry showed that both
groups executed a facial expression faster if a congruent facial expression was observed
(Schulte-Ruther et al., 2017); however this compatibility effect was positively related to
empathy and emotion processing in the neurotypical controls, while it was negatively
related to only age in those with autism. This suggest that basic motor mimicry may be
intact in those with autism, but not linked to higher-order social cognitive abilities such

as understanding emotions and empathy.

15.3. Summary

The existing evidence paints a picture of great heterogeneity in imitative abilities and
deficits in those with autism. Some of these results may be attributable to the diverse
methodologies used in the studies, involving novel or routine tasks, automatic or
voluntary imitation and varying social contexts (Sevlever & Gillis, 2010). Nevertheless
this mixed evidence offers a direct challenge to theories of autism which suggests that
these imitative impairments in those with ASC arise from MNS dysfunction. The studies
reviewed in this section challenge the view that there is a global dysfunction of imitative

abilities (and by extension a global dysfunction of the MNS) in those with autism.

When it comes to evaluating the social-signalling hypothesis of imitation, we do
not know whether people with autism will identify actions as irrational to the same extent
as neurotypicals, whether they will imitate to a lesser, same or greater extent than
neurotypicals. Most notably we do not know if the extent of their imitation will be
modulated by the social availability of their interaction partner in a manner similar to
neurotypicals. But studying this will provide useful answers to enable us to build the
theory. In Chapter 5 we will evaluate the behaviour and neural correlates of those with

autism in comparison with matched neurotypicals.

1.6. Overview of this thesis

This thesis seeks to test the specific claim that imitation is a social signal that is selectively

sent, depending on whether the interaction partner is available to receive it or not.
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Chapter 2 outlines methodological considerations including the design of paradigms
used to study imitation, before reviewing the need for second-person neuroscience. We
outline the usage of fNIRS for naturalistic experiments. Finally, this chapter details how
we designed the dyadic block-moving paradigm that has been adapted for use in all the

experiments in this thesis.

Chapter 3 investigates the behavioural response of whether participants imitate an
irrational action demonstrated by a naive co-participant using our dyadic block-moving
paradigm. We used motion-capture to track the movements of a Leader who is secretly
instructed to make irrationally high trajectories in certain trials, and a Follower who is
only told to move the blocks in the same order without being instructed on trajectory.
This chapter incorporates the results from a pilot study (N = 22) as well as a pre-registered
replication (N = 80) that investigates whether imitative fidelity is modulated by social

context.

Chapter 4 incorporates neuroimaging in the same paradigm to investigate whether
participants encode the rationality of their interaction partner’s actions as well as their
partners’ social availability. In a study using hAyperscanning where both participants in
the dyad are scanned simultaneously (N = 20) we look for the neural correlates of
identifying irrational actions as well as the correlates of being watched by an interaction
partner. This chapter also includes some exploratory analysis on improving the standard
general linear model by including brain activity from an interaction partner in addition

to the usual behavioural regressors.

Chapter 5 extends the social-signalling hypothesis of imitation by comparing the
imitative behaviour and associated neural correlates of both neurotypicals and those with
ASC. This chapter seeks to examine whether there are behavioural and/or neural

differences between the two groups.

Chapter 6 summarises the findings from the empirical chapters (Chapters 3-5), as well as
discusses the broader implications of this work, and highlights directions for future

research.
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Chapter 2. Methodological considerations

This chapter reviews the typical paradigms used to study imitation and evaluates their
strengths and weaknesses. We examine the need for genuine second-person
neuroscience, and a wearable functional imaging technology (fNIRS) that enables us to
design naturalistic paradigms. We detail the design of the dyadic block-moving paradigm
which has been adapted for all the experiments conducted in this thesis.

Sujatha Krishnan-Barman

Institute of Cognitive Neuroscience, University College London, Alexandra House, 17
Queen Square, London WCIN 3AR, United Kingdom.

Part of this chapter is being published as a paper (in prep):

Canigueral, R., Krishnan-Barman, S., Hamilton A. F. de C. (in prep). Social signalling as a
framework for second-person neuroscience
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2.1. How do we study imitation

In the previous chapter we reviewed the theoretical underpinnings of imitation and the
empirical behavioural and neural evidence available. We will now consider the question
of how to evaluate imitative behaviour in the lab, critically analysing existing paradigms
before outlining the considerations that drove our paradigm design. In this chapter we
will first outline the main types of paradigms used to study imitation, and ideas we can
incorporate from the study of irrational actions. Second, we will review the need for a
fresh approach to paradigm design incorporating naturalistic social interaction. Third,
we will outline the usage of a novel wearable imaging technology—fNIRS—that was
deployed for all the neuroimaging experiments in this thesis. Finally, we will outline the

design of our dyadic block-moving paradigm that has been used throughout this thesis.

2.2. Typical paradigms used to study imitation

In this section we review the main paradigms that have been used to study imitation

including puzzle boxes and isolation paradigms.

221 Puzzle boxes

When it comes to studying object-learning imitation in particular there is a long tradition
of using puzzle boxes to evaluate imitative behaviour (Horner & Whiten, 2005; Lyons et
al., 2007, 2011; McGuigan et al., 2007). These are typically transparent or opaque boxes
that require a specific set of actions to be undertaken to open them, such as pulling a latch
and then lifting a lid. Once opened the central receptacle usually holds a toy or a reward.
The box often includes some superfluous mechanism (such as a bolt that does not open),
and in an overimitation task a demonstrator would usually perform a series of relevant

and irrelevant steps to retrieve the reward before turning it over to the study participant.
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Figure 2.1. Artificial fruit. A typical puzzle box, or artificial fruit, used in studying
imitation. The box can be manipulated in two ways to access the central core and can
be combined with superfluous or irrational movements to study overimitation. Taken
from Whiten et. al (2007)

This has spawned a rich vein of research in both humans—adults and children—
as well as non-human primates (Custance et al., 2006; Whiten et al., 1996). These boxes
have also been called artificial fruit, particularly in the context of testing non-human
primates. However, it is unclear whether this novel task is ecologically valid, in the sense
of being generalisable to real-world events (Lewkowicz, 2001) when it comes to testing
adults. One study with adults using these puzzle boxes by McGuigan, Makison and
Whiten (2011) showed that only 25% of the participants thought the purpose of the study
was to retrieve the toy from within the box, showcasing that they did not understand the
goal of the demonstrated action! This suggests that amid goal-ambiguity, people may well
be following a “copy when uncertain” heuristic as suggested by Flynn and Smith (2012).
Further, these boxes lend themselves almost exclusively to one-shot trials given their
trivial nature once solved. This poses challenges for repeated measurements as well as for

generalisability to contexts outside the lab.

2.2.2. Isolation paradigms

When it comes to studies that have attempted to measure brain activity relating to
imitation, much of the research has relied on PET (Decety et al., 1997, 2002; Grafton et
al., 1996; Grezes, 1998; Krams et al., 1998), Magnetoencephalography, or MEG (Nishitani
& Hari, 2000, 2002) or fMRI (see Caspers et al., 2010 for a review). The earliest studies
focused on experiments where participants were asked to watch videos of actions in order
to be able to recognise or imitate them later, and found differences in activations based
on whether the actions were meaningful, and whether they were watching them with an
intent to imitate them (Decety et al., 1997). Later studies often also incorporated small

hand movements, particularly finger-tapping, that subjects could perform while in the
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scanner (Brass et al., 2000, 2001; Decety et al., 2002; Iacoboni, 1999; Koski et al., 2002;
Krams et al., 1998; Mengotti et al., 2012; Tanaka & Inui, 2002). Some experiments have
also used grasping tasks or tasks involving various hand configurations (Buccino et al.,
2004; Grafton et al., 1996). While these studies have provided valuable insights into the
neural correlates of observing and reproducing actions, they are limited by the small

range of movement possible within the scanner.

A second limitation of these paradigms is that they necessarily use ‘isolation
paradigms’ (Becchio et al., 2010) where individual minds are studied in isolation. Again,
these studies have unearthed rich findings, and are very useful when analysing an
individual’s actions on their own (a first-person account). However, when deployed to
study social interactions such as imitation, these paradigms invite us to imagine other
people’s behaviour or mental states to generate a third-person account of the interaction.
Implicit in this formulation is a view that imagining what we would do in the presence of
another person is equivalent to actually engaging in a social interaction. Typically,
neuroimaging studies of imitation have almost exclusively used pre-recorded video
stimuli (Caspers et al., 2010). Some studies have attempted to circumvent the physical
limitations of the testing environment by asking participants to interact in real-time with
a real (or sometimes fictitious) partner outside the scanner (Decety et al., 2004; Gallagher
et al., 2002).

223 Summary

The existing paradigms used to study imitation have significantly aided our
understanding of both behavioural and neural correlates of imitation. However, there are
some limitations that arise from the design of existing paradigms, including a lack of
ecological validity, difficulties in engendering genuine social interaction or a social
context that is manipulable across repeated trials. Next, we turn to an area where there is

growing focus, namely second-person neuroscience.

2.3. On the need for second-person neuroscience

As we have seen in the previous section, using one-shot paradigms and isolation
paradigms are limiting when it comes to studying genuine social interaction. Isolation
paradigms are based on the premise that thinking about a social interaction engenders
the same neural processes as actually engaging in one, while one-shot paradigms do not
allow for repeated trials. Existing paradigms also implicitly incorporate a “fourth-wall”—

a barrier that exists between participants and the stimuli (Risko et al., 2016). Lab studies
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frequently present participants with stimuli on a screen from which participants glean
information; however, this is not a two-way process and participants do not expect to
send information back to the stimuli. While this allows for good experimental control, it
poses problems for studying genuine social interactions. In our real life we typically
interact with other people, in two-way or multi-way exchanges of cues and signals, and
there are crucial differences between genuine dyadic (or multi-person) interaction and
interacting with a computer. Specifically, when we believe we are interacting with a
rational agent we adopt an intentional stance, interpreting and predicting their
behaviour in the context of what we believe about their beliefs, desires and intentions
(Dennett, 1971). In the realm of neuroscience, it has been shown that parts of the
mentalising network (specifically, the anterior paracingulate cortex) are active when
participants believe they are playing against a real person when compared with playing
against a computer, although in reality they were playing “rock, paper, scissors” against a
randomly-generated sequence in both cases (Gallagher et al., 2002). In response, in recent
years there has been an increasing focus on second-person neuroscience, where subjects
are able to interact in real-time with others (Schilbach et al., 2018). This approach
incorporates the view that a social interaction is more than the sum of its parts, with
interactive processes that can both supplement and replace individual processes (De
Jaegher et al.,, 2010). This is of course a lot more difficult to implement, designing
paradigms involving two real subjects and measuring brain activity in one or both

participants using mobile technologies that allow them to continue to interact naturally.

In a similar vein it has also been argued that capturing the interaction of two brains
by simultaneously measuring activity in both—termed hyperscanning (Montague et al.,
2002)—allows us to study complex joint behaviours that may not emerge in isolation
(Hasson et al., 2012). The earliest mentions of hyperscanning come from a study where
electroencephalography (EEG) signals were simultaneously recorded in pairs of twins
(Duane & Behrendt, 1965). However, the idea was not widely pursued, and it is only in
recent decades that it has been used again. Many hyperscanning studies use fMRI, EEG
or a combination of both (Babiloni & Astolfi, 2014; Dumas et al., 2011; Koike et al., 2015).
More recently, using fNIRS for hyperscanning is gaining popularity. A number of studies
have used simultaneous recording of fNIRS signals to study inter-brain synchrony
(Cheng et al.,, 2015; Cui et al., 2012; Dommer et al., 2012; Holper et al., 2012; Jiang et al.,
2012; Liu et al., 2016; Osaka et al., 2014). A more detailed review of hyperscanning is

presented later in this thesis (see Section 4.2.1).
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231 Summary

Without engendering a genuine social interaction, it would not be possible for us to
manipulate the social availability of an interaction partner (i.e., whether a participant was
watched or not on a trial-by-trial basis) in a meaningful and repeatable manner. Thus,
designing a paradigm that incorporates genuine dyadic interaction is a key focus for this

thesis.

2.4. Using fNIRS for social experiments

When it comes to studying social interactions, one key constraint is the kind of
neuroimaging technology that is used and the constraints it places on the experiment.
Here, fNIRS is very useful in allowing for much more free-flowing natural interactions
between dyads. fNIRS is a relatively novel brain-imaging technique that measures
changes in the concentration of oxygenated and deoxygenated haemoglobin in the
cortical surface (Boas et al., 2014; Ferrari & Quaresima, 2012; Pinti, Tachtsidis, et al., 2020;
Scholkmann et al., 2014). fNIRS was initially deployed with much success to study
developing brains (particularly neonates in intensive care units), enabling us to research
both typical and atypical development, particularly of behaviours that are hard to study
within the constraints of a scanner (Vanderwert & Nelson, 2014). Similarly it has also been
used to study various psychiatric and neurodevelopmental conditions including
schizophrenia, ADHD and autism (Ehlis et al., 2014). In this section we will first review

the mechanics of the technology, before delineating its advantages and limitations.

24.1 Mechanics of fNIRS

fNIRS works by taking advantage of the relative transparency of biological tissue to light
within the near-infrared optical window. Light within these wavelengths—650nm-
950nm—can penetrate through skin, skull, and cerebrospinal fluid to reach brain tissue.
This discovery was first made when J6bsis found that red light penetrated through bone
when he was holding it against a visible light (Jobsis, 1977). As shown in Figure 2.1 when
light is transmitted from a source, we can measure the amount of backscattered light
available at detectors placed at a suitable distance. The amount of backscattered light will
depend on the amount of light absorption and scattering by the various layers that the
light passes through. Within the near-infrared window the key chromophore that affects
the amount of light absorption is haemoglobin (Scholkmann et al., 2014). Here, the level
of absorption owing to oxygenated haemoglobin (HbO) is higher for light of wavelengths
above 800nm, while absorption of light owing to deoxygenated haemoglobin (HbR) is
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greater for light of wavelengths below 800nm. Most fNIRS systems use two or three
different wavelengths and this allows them to measure the changes in light attenuation,
which can then be expressed as a change in the concentrations of HbO and HbR. This
change in attenuation will be dependent on HbO and HbR since other factors such as
absorption and scattering owing to water or other biological tissue is unlikely to change
over the course of a study. The relative amounts of HbO and HbR in a brain area are
determined by the regional cerebral blood flow which is related to the amount of
neuronal activity in that area. Thus, an increase in HbO (and a decrease in HbR) is

associated with increased brain activity in a region.
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Figure 2.2. fNIRS system. Diagram showing the path (red) taken by the near-infrared
signal from the light source to the detector through different layers in the brain. The
depth to which light penetrates is proportional to the distance between the source-
detector. Here, dl is a deeper channel, while d2 is a shallower channel. (Pinti, Tachtsidis,
et al., 2020)

To analyse the signals, first the amount of light detected is converted to optical
density. Second, this optical density is converted to concentrations of HbO and HbR
using the modified Beer-Lambert Law. Thus signals obtained from fNIRS are similar to
the BOLD signal used in fMRI and the method yields comparable results (Noah et al,,
2015).

This technique measures the neuronal activity (via estimating blood flow) at a
point midway between the source and the detector at a depth of around half the
separation between the source and the detector, and this point of measurement is called
the channel (Patil et al., 2011; Pinti, Tachtsidis, et al., 2020). Thus, the technology can be
used to measure activity on the cortical surface and not activity in deeper brain structures.
The depth of the channel can be varied by varying the source-detector distance, but there

is a trade-off between channel depth and quality of the signal, with deeper channel depths
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leading to greater deterioration of the signal (Pinti, Tachtsidis, et al., 2020). Typically,
source-detector separations of 30-35mm are used for studies involving adults while
separations of 20-25mm are used for children. The fNIRS system is usually set up with
source and detector optodes distributed throughout the region to be studied with a fixed

separation between sources and detectors.

24.2. Advantages and limitations of fNIRS

fNIRs is low-cost, and non-invasive, and relatively easy to adapt to wider non-clinical use.
fNIRS systems are also less susceptible to motion artefacts and can be made portable
which greatly expands the range of experiments that can be carried out using the
technology (Pinti, Tachtsidis, et al., 2020). Further, fNIRS offers better spatial resolution
when compared with EEG, and better temporal resolution when compared with fMRI. In
the context of social experiments it is also useful that fNIRS is silent, and compatible with
other magnetic and electrical equipment such as motion trackers and physiological
monitors (Pinti, Tachtsidis, et al., 2020). However, it does not provide any structural

information, and can only measure activity at a depth of 1.5-2cm.

2.4.8. Summary

fNIRS is a wearable brain-imaging technology that allows us to measure neural activity.
However, it only provides functional data on neural activity over a time period, rather
than any structural information, and is limited to measuring activity only on the cortical
surface. These limitations mean that it is worthwhile thinking about which brain regions
we want to study before deciding on a technology and adapting our paradigm design to

take advantage of the technology to the fullest extent possible.

2.5. Paradigm design

In this final section we review our thinking regarding designing the dyadic block-moving
paradigm that is used throughout the thesis. Our objective in this thesis is to test the
social-signalling hypothesis of imitation as outlined in Section 1.3. To evaluate this, we

needed to design a task that would fulfil the following criteria:

a. An easy-to-understand task that allows two naive participants to interact in a lab
setting
b. A believable cover story that would allow us to hide the true behaviour being

tested
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c. A task that incorporates both rational and irrational elements

d. Allow for easily identifying whether participants copied the irrational elements or
not

e. Allow for repeated trials

f.  Allow for the social availability of the interaction partner to be varied on a trial-

by-trial basis in a simple manner

2.5.1 Developing the dyadic block-moving task

The inspiration for this task comes from different veins of research including studies of
mimicry and studies on evaluating rationality. A seminal study by Gergely and colleagues
(1995) developed a simple task to test whether 12-month old infants can evaluate the
rationality of an agent’s movements in attempting to move a ball from point A to point
B. In the rational version of the experiment, a large rectangular obstacle is shown placed
between points A and B, while in the nonrational version, the obstacle is shown placed
before point A (Gergely et al., 1995). This is shown below in Figure 2.3.A. A later study
built on this paradigm to evaluate how neurotypical and autistic adults processed action
rationality by using different action trajectories (straight and curved) which were rational
or irrational depending on the presence or absence of obstacles (Marsh et al., 2015). This

is shown below in Figure 2.3.B.
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Figure 2.3. Rational and irrational habituation tasks. A. Representation of the
paradigm used in Gergely et. al. (1995) which tested whether 12-month-old infants can
adopt an intentional stance when evaluating an agent’s movements. B. Stylised
representation of the trajectories used in the Marsh et. al. (2015) study to evaluate how
neurotypical and autistic adults understood action rationality.

54



The task also draws inspiration from pointing paradigms used in other studies
(Forbes & Hamilton, 2017; Wild et al., 2012) that allow us to easily track the kinematics of
the movement, and the fidelity with which the trajectory was copied (Krishnan-Barman
et al., 2017). The study by Wild and colleagues (2012) evaluated movement kinematics
and eye movements when participants watched goal-directed and non-goal-directed
hand movements. Building on this, a study tested participants on a goal-directed
imitation task without any obstacles but where participants viewed demonstrations with

one of three trajectories: low, high, and super high (Forbes & Hamilton, 2017).
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Figure 2.4. Pointing paradigms. A. Representation of the paradigm used in Wild et. al.
(2012) which evaluated how people with autism are affected by the presence or absence
of goals during an imitative task. B. Depiction of the task used in Forbes and Hamilton
(2017) that recorded participants movements on a goal-directed imitation task after
watching demonstrations with one of three trajectories.

Building on these studies we designed a dyadic block-moving task where
participants were required to move blocks from one table to another. We combined this
with the augmented-reality approach used in Pan and Hamilton (2015) to implement this
in a virtual environment wherein participants controlled the movements of the blocks
via motion trackers attached to their fingers. This allowed us to minimise set up times
and run repeated trials easily; this augmented reality setup also meant that participants
were making whole arm movements rather than moving a mouse. This latter approach

had previously been used in a simple block-moving task that found only limited social
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engagement (Oliver et al., 2017), driving our decision to use an augmented-reality

approach instead?.

Irrational (High)
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Figure 2.5. A stylised representation of the dyadic block-moving paradigm.
Participants are asked to move the blocks from one table to another. One participant
(appointed as the Leader) is secretly told to move using either irrational or rational
trajectories. The other participant (the Follower) is then only asked to move the blocks
in the same order as the Leader. We measure the extent to which the Follower imitates
the Leader’s trajectory on each trial. The Leader is also instructed to close their eyes
(and not watch the Follower) during one half of the trials allowing us to measure
whether the Leader watching or not watching the Follower has an impact on the
Follower’s imitative fidelity.

In a dyadic interaction we appointed one participant as the Leader and one as the
Follower. Participants were told that they were participating in an experiment designed
to assess “information loss”. We told them the game they would play would be similar to
the game “Telephone” that children play, where they sit in a circle, and a simple message
(say, “My aunt likes banana cake”) is relayed from child to child by whispering. In the
game there is usually some slight mangling of the phrase by each child, and by the end it
is often completely different leading to great hilarity among the pre-teen crowd. Many
participants in our experiment were aware of the game and understood how it worked.
In this vein we told them that they would play a version of this game where the computer

would give information in private to the Leader, who would then pass this information

5 We used this augmented reality approach in the experiments described in Chapters 8 and 4. For
the final study involving autistic participants other constraints of where we could position the
fNIRS system meant we could not use the augmented reality setup and instead used physical blocks
(Duplo™ blocks). The setup of that experiment is described in detail in Chapter 5.
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to the Follower, and we would assess how much information was lost between the stages.
This was done to make the whole setup slightly more believable and try to hide the fact
that we were studying imitation of irrational actions. Participants were told that they
would take turns to move the blocks from one location to another, with the Leader going
first and the Follower going second. They were told that the Follower would need to close
their eyes while the computer gave the Leader instructions and the Leader would then

transmit this “information” (on block order) to the Follower.

After this cover story was explained in detail to participants, they were also told
that they would receive a score for each trial, which depended on how fast and how
accurately they moved, and that they were a team competing against other teams. A range
of team scores from previous participants (including some fictional scores) were
displayed on a leaderboard in the room where the experiment was being conducted;
participants were also asked to choose a team name which was added to the leaderboard

at the start of the study, to draw their attention to other teams’ scores.

In the actual experiment, the Leader was secretly told to make irrationally high
trajectories when moving the blocks in some trials, while in others they were told to make
rational straight-line trajectories. We then measured the height demonstrated by the
Leader in each trial and the height subsequently reached by the Follower in each trial

when it was their turn.

In this paradigm we varied the rationality or irrationality of the Leader’s
movements by varying the height of the trajectory used. We built on the paradigm used
in Forbes and Hamilton (2017) in this regard. The paradigm was initially used in two
behavioural studies (Chapter 3) and then extended to a neuroimaging study with
neurotypical participants (Chapter 4) and finally to a neuroimaging study with autistic
and neurotypical participants (Chapter 5). In extending the paradigm we were keen to
keep the main elements the same as in our pilot study to ensure we could test whether
the behavioural results replicated across different studies and different populations.
However, we should note that as a result rationality is always confounded with the
kinematics of the movement in our paradigm. That is, making an irrational move always
involves moving higher. We address this in greater detail in the section on future
directions in Chapter 6, but in developing future paradigms to test this behaviour it would
be useful to also test situations where rationality is manipulated by the presence or

absence of obstacles, for example, while keeping the movement kinematics the same.
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Depending on the constraints of the experiment the Leader was either a naive co-
participant, or a trained confederate. In particular, the confederate was used in the autism
study described in Chapter 5, where the constraints of testing participants who had made
special arrangements to arrive for the experiment meant we could not risk disruptions to
the testing schedule. There are both advantages and disadvantages to using a trained
confederate rather than a naive participant. There is a risk that the confederate may
modify their behaviour especially between groups such as neurotypicals and autistic
participants since the study is not conducted in a double-blind manner. Second, if
subjects became aware that they were doing the task alongside a trained confederate they
could start performing differently to potentially meet what they perceive as the
experimenter’s expectations, a phenomenon known as experimenter effect (Gilder &
Heerey, 2018; Kuhlen & Brennan, 2013; Rosenthal, 1966). However, the confederate can
be trained to perform exactly the same across all the trials and takes away the need to
familiarise them with the secret instructions on the different trajectories to be
demonstrated unlike naive participants who needed more time to be specifically

instructed on this in secret.

Another challenge in the study was to generate a genuine feeling of being observed
in one-half of the trials. As we have noted earlier, even very young children show a greater
propensity to imitate live models rather than videotaped models (Nielsen et al., 2008),
while other studies show that participants viewing video know that they are not really
being watched and this compromises the ecological validity (Risko et al., 2012). This issue
is also addressed by the usage of live interaction partners (the Leaders) in our studies. In
one-half of the trials in each experiment the Leader was instructed via computerised
voice cues to close their eyes while the Follower made their movement. This allowed us

to manipulate the cognitive effect of being watched on a trial-by-trial basis.

It is important to note that being watched can also lead to social- facilitation effects
(Zajonc, 1965), changes in anxiety due to direct gaze (Senju & Johnson, 2009), or changes
in attention. In a recent review Heyes (2017) contends that several results that show
modulation of imitation by social context instead arise from differences in attention or
anxiety and are not related to social-signalling. This has been difficult to test in much of
the existing research because the social context varies widely between the watched and

the unwatched conditions.

In this thesis we sought to explicitly address this by ensuring the watched and

unwatched conditions were as closely matched as possible: specifically, the interaction
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partner stood side-by-side with the participant (precluding any gaze effects) and was
present throughout the experiment (rather than leaving the room in some trials which
may instead have led to a difference in social facilitation or attention). Given the nature
of the task participants were encouraged to move quickly and accurately (which would
promote a straight-line trajectory over an irrationally curved one). Further, if participants
were feeling more anxious in the trials where they were watched, the hypothesised effect
(of moving faster, straighter and lower as a result of anxiety) would run counter to our
hypothesis of imitation being boosted by being watched. Finally, the demonstration of
the block-moving task by the Leader was identical in both the watched and unwatched

trials, allowing us to rule out attentional explanations.

25.2. Summary

The dyadic block-moving task used in this thesis was designed to allow us to measure
imitation in a social context while easily manipulating the rationality of demonstrated
actions and the social availability of the interaction partner. To measure brain activity in
these studies, we have utilised {NIRS, which is a novel wearable imaging technology that
enables the recording of signals from a single brain as well as hyperscanning, or

simultaneously recording from both participants in a social interaction.
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Chapter 3. Adults imitate to send a social signal

In a pilot study and a pre-registered replication, we examine the fidelity with which naive
participants copy the exaggerated trajectories demonstrated by a fellow participant in a
simple block-moving task. The studies in this chapter use an augmented-reality paradigm
and pairs of naive participants who are randomly assigned the roles of Follower and
Leader. Imitation fidelity is measured when the Follower knows that the Leader is
watching them, and when the Follower knows that they are not being watched, allowing
us to test the social-signalling hypothesis of imitation.

Sujatha Krishnan-Barman & Antonia Hamilton

Institute of Cognitive Neuroscience, University College London, Alexandra House, 17
Queen Square, London WCIN 3AR, United Kingdom.

One of the studies described in this paper was preregistered at Open Science Framework:

Krishnan-Barman, S., & Hamilton, A. F. de C. (2017). Overimitation: Examining the
effect of social context. Retrieved June 10, 2020 from https://osf.io/ezj8g/

Parts of this chapter were published as a paper in Cognition:

Krishnan-Barman, S., & Hamilton, A. F. de C. (2019). Adults imitate to send a social
signal. Cognition, 187, 150-155. https://doi.org/10.1016/j.cognition.2019.08.007
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3.1. Abstract

Humans frequently imitate each others’ actions and often do so with high fidelity. A
variety of reasons have been proposed for why this behaviour occurs. Here we test the
hypothesis that imitation can serve as a social signal, occurring with greater fidelity when
the participant knows that they are being watched by their interaction partner. A pilot
study with 22 pairs of participants and a pre-registered replication with 30 pairs of
participants were conducted. Participants were assigned the role of Leader and Follower
and participated in our dyadic block-moving task in an augmented reality environment.
The Leaders were privately told to move the blocks using specific trajectories, including
exaggerated trajectories in some trials. We measured the extent to which Followers
imitated the trajectory height demonstrated by the Leader, both in trials where the
Leader watched the Follower’s actions, and trials where the Leader did not. Followers
imitated the Leader’s trajectories, and critically, the strength of this correlation was
greater in trials where the Follower knew they were being watched by the Leader. This
suggests that Followers used imitation fidelity as a social signal in a nonverbal task,

supporting the social-signalling hypothesis of imitation outlined in Chapter 1.
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3.2. Introduction

Humans imitate prolifically, from early childhood through to adulthood, and even when
imitation is not strictly necessary (Nadel, 2002; Whiten et al., 2016), but we are yet to fully
understand why. A variety of explanations have been advanced to explain imitation,
including as a mechanism to learn new skills (Flynn & Smith, 2012), as a by-product of
domain-general learning (Heyes, 2017), or as a way to boost social affiliation (Over &
Carpenter, 2013; Uzgiris, 1981). This latter theory, also known as the ‘social glue
hypothesis’ (Lakin et al., 2003), suggests that imitation is a social signal which can
influence an interaction (Wang & Hamilton, 2012). The aim of the current paper is to

test this social-signalling hypothesis of imitation, in a robust fashion.

The genesis of this idea comes from examining how it is possible for imitation to
create affiliations between people. Such affiliation could emerge as a lucky side-effect of
imitation, but the STORM model (Wang & Hamilton, 2012) makes the more specific
claim that imitation is performed in order to affiliate (Farmer, Ciaunica, & Hamilton,
2018). We illustrate this with a scenario in which Alice imitates an action performed by
Ben. If imitation influences affiliation, Ben should receive the signal ‘I am imitating you’
and change his attitude or behaviour towards Alice in response. This is supported by
evidence that being imitated leads to an increase in liking (Lakin & Chartrand, 2003).
Further, if Alice imitates in order to send a signal to Ben, she should imitate him with
greater fidelity when she knows he is watching her, compared with when she knows he is
not watching her. Here we consider this latter prediction — that imitation should be
produced with greater fidelity when the interaction partner is watching and can therefore

receive the social signal being transmitted.

Previous work testing if imitation increases when a participant is being watched
(and can send a social signal) has yielded mixed results. Studies using video stimuli have
shown that imitation is enhanced when a direct gaze cue is present at the time of
responding (Wang, Newport, et al,, 2011; Wang & Hamilton, 2015). A study of facial
mimicry® found stronger imitation of a wince following eye contact, supporting the
social-signalling hypothesis (Bavelas et al., 1986). In some studies, children imitate the

irrelevant actions performed by a demonstrator only when the demonstrator is present

6 Mimicry is a subset of imitation referring to copying of actions that are not goal directed.
Overimitation, meanwhile, involves copying unnecessary or causally-irrelevant features of a goal-
directed action (Hamilton, 2015). In this chapter we use the neutral term imitation to refer to all
copying behaviour, whether explicitly goal-directed or not.
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during the child’s turn (DiYanni et al., 2011; Nielsen & Blank, 2011). However, other
studies suggest that children overimitate even when the demonstrator is absent (Lyons et
al., 2007), and that both children and adults overimitate when they are not aware of being
watched (Whiten et al.,, 2016). These latter studies argue against imitative behaviour
serving as a social signal. However, these may be due to other confounding factors, which
overshadow the social-signalling effect. Several of these studies use puzzle-box tasks
where learning about a novel object may dominate the response. In the case of the study
by Lyons and colleagues (2007) we suggest there may have been ambiguity over whether
the demonstrator leaving the room actually meant the participant was not being watched
(see Section 1.2.3). In contrast, a study by Marsh, Ropar and Hamilton (2019) showed that
children overimitate when the demonstrator watched them and when the demonstrator
left the room, but not when she turned away from them in the same room. This suggests
that perhaps in an experimental context, the demonstrator exiting the room still leaves
open the possibility that we may be being watched from outside, while clear
disengagement from a demonstrator in the same room reduces the propensity to
overimitate. Many studies use confederates to demonstrate the to-be-imitated actions,
which could lead to an experimenter effect (Gilder & Heerey, 2018; Kuhlen & Brennan,
2013). Other studies use video stimuli where participants know they are not really being
watched, compromising ecological validity (Risko et al., 2012). Finally, the situations
where someone is being watched versus one in which no one is watching can engender
several possible cognitive changes (Bond, 1982), including social-facilitation effects,
changes in anxiety due to direct gaze and changes in attention. One recent review paper
has suggested that several results showing modulation of imitation by social context arise
due to effects of attention or anxiety and are not related to social-signalling (Heyes, 2017).
Given that in several extant studies the social context differs significantly between the
watched condition and the unwatched condition, it has not so far been possible to

explicitly test whether social signalling drives imitative behaviour in adults.
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Figure 3.1. An overview of the experimentai setup. A. Configuration of thel augmented
reality (AR) lab. Two participants standing side-by-side can see the AR space and are
motion tracked. A curtain separates the participants from the experimenter. B. The
task was to move blocks from one table to another in a demonstrated order. C. Sample
trajectories from leader (blue) and follower (red) for trials with different demonstration
heights. From Krishnan-Barman & Hamilton (2019).

The current study aims to test the social-signalling hypothesis of imitation in a
rigorous manner, avoiding confounding factors that have affected previous studies. In
this study pairs of naive adult participants were asked to move blocks from one location
to another in a specified order, as part of our dyadic block-moving task. The inspiration
and design of this task is detailed in Chapter 2 (see Section 2.5.1) and builds on a range of
paradigms used in the study of mimicry and on evaluating rationality (Forbes &
Hamilton, 2017; Gergely et al., 1995; Krishnan-Barman et al., 2017; Marsh et al., 2015;
Oliver et al.,, 2017; Wild et al., 2012) (Figure 3.1). This augmented-reality setup provided a

rich interactive context while avoiding experimenter effects.

Two independent variables were manipulated: the height of trajectory
demonstrated by the Leader, and whether the Leader’s eyes were open or closed during
the Follower’s turn. As the two participants stand side by side throughout there are no
changes in eye contact or social facilitation between the two conditions. This is akin to
studies of visual perspective taking using ‘goggles’ (Teufel et al., 2010) which have been
accepted as a definitive test of ‘social’ information processing (Heyes, 2015). Finally, we
resolve issues of variance in participant performance by using a simple task with clear

rules for excluding non-compliant participants. The study was pre-registered to support
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arigorous analysis scheme. This chapter presents the results of an exploratory pilot study,

and a preregistered replication.
Based on the STORM model, we predict that

(a) Followers will copy the heights of the trajectories demonstrated by Leaders
without being explicitly instructed to do so

(b) The fidelity with which Followers copy the heights demonstrated by the
Leaders will be greater when the Leaders are watching the Followers,

compared with trials where the Leaders are not watching the Followers

3.3. Pilot experiment

3.3.1 Materials and Methods

Participants

22 pairs of participants were tested in the exploratory pilot study. In eight of these dyads
the role of Leader was taken by a confederate because one of the participants failed to
arrive on time for the booked slot. Excluding the confederate, a total of 36 participants
were tested in 22 pairs (17 males, 19 females; mean age = 24.92 years; Std. Dev. = 5.95
years). All were right-handed, had normal or corrected-to-normal vision and hearing,
had no history of neurological or psychiatric disorders, and had not participated in this

experiment previously.

All participants were recruited for this study using the subject pools of the UCL
Department of Psychology and the Institute of Cognitive Neuroscience. Participants were
reimbursed financially for their time (£7.50 for one hour) and provided informed written
consent prior to participating. All procedures were approved by the UCL Research Ethics
Committee (ICN-AH-PWB-3-3-2016¢).

Procedure

Pairs of participants arrived at the same time and were asked to introduce themselves to
each other and choose a ‘team name’ together; they were told they would be competing
against other teams who had previously participated in the experiment. This was done to
introduce a prosocial collaborative mind-set during the task. One participant was
assigned the role of Leader and the other of the Follower; they stood side-by-side facing

the screen (Leader/Follower locations were counterbalanced). Magnetic motion-trackers
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(Polhemus Liberty, Colchester Vermont) were fixed to the right hand and forehead of
each participant. The hand markers allowed participants to control a hand icon in the
augmented-reality environment and move objects (akin to a 3D mouse-pointer) (Figure
3.1A). Participants were instructed to move blocks from one table to another in a specified
order (Figure 3.1B). The augmented-reality environment and experimental sequence
were implemented in Vizard (WorldViz, Santa Barbara, CA). The study had three phases:
familiarisation, experimental trials and the final check trials. The details of these phases

are summarised in Table 3.1 below.

Table 3.1. Phases of the experiment

Explicitly instructed to
copy trajectory of  Follower's eyes Leader's eyes

demonstration? during during Follower's Trajectory Number of

Phase Leader Follower demonstration movement heights trials
Familiarisation No No Closed Open Low / Med / High 3
Leader practice Yes N/A N/A N/A Low / Med / High 3
Experimental Yes No Closed Open / Closed Low / Med / High 18

In the familiarisation phase, participants practiced moving blocks in the
augmented-reality environment. At the start of each trial a (computerised) voice
command instructed the Follower to close his/her eyes. The Leader then saw a
demonstration of three or five blocks being moved in a specific order from one table to
another (Figure 3.2A). Then the Follower heard a voice command to open their eyes, and
the Leader demonstrated the block-movement task to the Follower (Figure 8.2B). Finally,
the Follower was asked to move the blocks in the same order to the final table (Figure
3.2C). Both participants then saw a joint score based on accuracy (moving blocks in the

right order) and timing (moving quickly) (Figure 3.2D).
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Figure 3.2. Trial timeline. A. The Follower closes their eyes while the Leader watches
the computer demonstration. B. The Leader demonstrates, while the Follower watches.
C. The Follower moves the blocks (The Leader’s eyes can be open or closed). D.
Participants see a joint score which rewards accuracy and speed. Speech bubbles
throughout show computerised voice commands.

After three familiarisation trials, the experimental phase started. On the first trial,
after the Follower closed their eyes, the Leader read an on-screen message with an
additional ‘secret’ instruction to explicitly follow the trajectory demonstrated by the
computer’. The computer demonstration then showed the blocks moving using a low,
medium, or high trajectory, and the Leader was instructed to copy both the block order
and the trajectory when demonstrating to the Follower. Leaders who failed to follow
these instructions or shared this secret information with the Follower were excluded (see
Data Analysis below). On half the trials, prior to the Follower’s turn the Leader was
instructed to close their eyes. On the other half the Leader was instructed to keep their
eyes open. Thus, the ability of the Leader to monitor the Follower’s movement was
manipulated. All pairs completed 18 experimental trials (with three movement heights
and the watched/unwatched conditions, each repeated thrice). The Leader’s eyes were
open or closed in blocks of three trials (with the order of watched blocks vs unwatched
blocks counterbalanced across pairs). Participants then completed the final phase of six

trials where both the Leader and Follower were explicitly told to follow the trajectory to

7 The exact wording of the instruction was as follows: “You should follow the same PATH as the
demonstration. This means you should move the pieces along the same path (reaching the same
height) as the demonstration! However, you should NOT share this instruction with your
teammate”.
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enable us to check that they understood this idea. Following the block-moving task,

participants individually completed the following questionnaires:

(1) Rapport questionnaire: Six-item survey of their feelings of rapport towards
each other

(i1) Autism Spectrum Quotient (AQ) questionnaire (Baron-Cohen et al., 2001)
which measures the extent of autistic traits in adults

(i)  Interaction Anxiousness Scale (Leary, 1987) which measures social anxiety,
and

(iv)  Rosenberg Self-Esteem Scale (Rosenberg, 1965) which measures self-

esteem.

Participants also completed a written debrief in which they were asked what they
thought the purpose of the experiment was, and whether they noticed the differences in
the trajectory heights prior to being explicitly told about them. Further, they were asked
to self-report their ethnicity and their level of familiarity with their partner and the
experimenter. In addition to tracking motion using a motion-capture system, we also
recorded videos of the participants performing the task. This allowed us to verify that
they kept their eyes closed and refrained from talking when required to do so, ensuring

that the social manipulation worked.

Data Analysis

Our primary analysis focused on a single parameter: the maximum heights reached by
the Leader and the Follower in each trial in the Full phase. Since each trial involved
moving three or five blocks, we believe peak height is the most salient measure of
whether movement trajectory was copied. To normalise for individual differences
between participants, the Pearson correlation coefficient (R) was calculated between the
computer demonstration and the height reached by the Leader, and between the heights
reached by the Leader and the Follower in each trial. These were used to estimate the

imitation fidelity across trial types.

Exclusion criteria for the pilot experiment

Dyads were excluded for the following reasons:

(1) Data was not recorded owing to equipment failure or failure in the task

software
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(ii) In the Full trials if the Leader failed to copy the computer demonstration with
high fidelity (defined as having an R value of 0.5 or higher) after having been
explicitly instructed to do so

(i)  In the Final check trials if the Follower failed to copy the Leader with high
fidelity (R of 0.5 or higher) after having been explicitly instructed to do so

(ivy The Leader revealed the secret instruction (to copy the trajectory
demonstrated by the computer) to the Follower during the full trials

v) The Follower specifically asked the Leader about the path or trajectories they
were demonstrating

(vi) Either the Leader or the Follower failed to follow instructions to close their

eyes at various points in the trial.

3.3.2. Results

Querall peak height

Followers tended to imitate the Leaders’ trajectory with high fidelity during the
Experimental trials, despite not being asked to do so explicitly (Figure 2.3A). A one-
sample t-test showed a statistically-significant correlation between the heights reached
by the Leader and the Follower across all trials [N = 22, Mean R value = 0.30, Std. Dev. =
0.43, t(21) = 3.24, p = 0.04].

Imitation fidelity when being watched vs when not being watched

Our second analysis tested the core experimental question: do participants imitate with
more fidelity when they know they are being watched, compared to when they are not
watched? Figure 3.83C shows the peak heights reached by the Leader and the Follower for
one sample dyad. Across all participants, we compared the correlation between the peak
heights reached by the Leader and the Follower in trials where the Leader was watching
the Follower make their movements and the trials where the Leader was not watching. A
paired-sample t-test [N = 22] showed that these R-values were higher when the Leader
was watching [Mean R value = 0.438, Std. Dev. = 0.36] than when the Leader was not
watching [Mean R value = 0.19, Std. Dev = 0.55] and that this effect was statistically
significant [t(21) = 2.96, p = 0.008]. The overall effect size was ‘medium’, with Cohen’s d =
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0.631 (Cohen, 1992)3. This supports our hypothesis that participants will imitate to a
greater extent when they know they are being watched by their partner when compared

with a situation where they know their partner cannot see them.

8 This was calculated for the paired-samples t-test using the formula
|my —my|

B V(B + 52— (2rsysy)
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Figure 3.3. Pilot Experiment (N = 22) A. Overall imitation pattern Line of best-fit for
the correlation between Leader heights and Follower heights for each dyad (blue lines)
and the group as a whole (heavy orange line). B. Correlations: The R values
representing the correlation between the Leader and Follower heights are shown for
each dyad and for the whole group (heavy orange line) for trials where the Leader
watches the Follower make their movements and trials where the Leader does not
watch. C. Results for one sample dyad: The heights reached by the Leader and
Follower in one dyad (#23) and respective trendlines across both the Watched and
Unwatched conditions.
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Exploratory analysis of movement duration

We also conducted an exploratory analysis of the relationship between how quickly the
Follower moved and how quickly the Leader moved. In each trial the participants moved
either three or five blocks. For each trial we calculated the average time taken to move
one block for both the Leader and the Follower; for each dyad we used this to calculate
the correlation between average movement duration of the Leader and the Follower. A
one-sample t-test showed a statistically significant correlation between the average
movement duration of the Leader and the Follower [N = 22, Mean R value = 0.24, Std.
Dev. = 0.31, t(21) = 8.69, p = 0.001]. However, the correlation in movement durations in
the Watched trials [N = 22, Mean R value = 0.23, Std. Dev. = 0.40] and the Unwatched
trials [N = 22, Mean R value = 0.29, Std. Dev. = 0.30] were not statistically significantly
different from each other according to a paired-sample t-test [t(21) = -0.65, p = 0.522].

This suggests that Followers tended to move more slowly when Leaders moved

slowly, and this effect persisted in both the Watched and the Unwatched conditions.

Multi-level regression analysis of Follower height

In addition to the analysis above, a more detailed exploration of the factors that predict
the height reached by the Follower was performed, using a multi-level regression
analysis. It is important to note that the previous results in this chapter used the Pearson
correlation coefficient (R) as the dependent variable; the R value captures the relationship
between the Leader’s and the Follower’s heights. In this exploratory analysis we used the
Follower’s height as the dependent variable, which is less subtle and does not account for
variations in individual Leader’s demonstrations. Having undertaken the analysis,
however, it is presented below for the sake of completeness. The factors considered in

this multi-level regression included:

(a) The dyad number, to account for differences between pairs

(b) The trial number, to account for order effects in the trials

(c) The height demonstrated by the Leader

(d) The average time taken by the Leader to move one block in each trial

(e) Whether the Leader watched the Follower when they were making their

moves

We also considered two interaction effects, both between whether the Follower

was watched during their move and
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63 The height demonstrated by the Leader (c) x whether the Follower was
watched or not during their turn (e)
(g) The average time taken by the Leader to move one block (d) x whether the

Follower was watched or not during their turn (e)

Using the Enter method we found that a model incorporating only the main
effects (a-e) accounted for 12.6% of the variance in the Follower’s height [F(5,390) = 11.26;
p<0.001]. A model incorporating the main effects as well as the two interaction effects (f-
g) explained 15.3% of the variance in the Follower’s height and this R? change was
significant [AF(2,388) = 6.13; p = 0.002]. The following table (Table 2.2) summarises the
two models. The table also includes the analysis of variance (ANOVA) and the regression

coefficients for the second model.

Table 3.2. Pilot experiment: Regression model to predict Follower height

Summary of Models
Std. Change Statistics
Error of R
Adjusted the Square F Sig.F
Model R R Square R Square Estimate Change Change df1 df2 Change
1 .355° 0.126 0.115 1.10175 0.126 11.257 5 390 0.000
2 391 0.153 0.138 1.08753 0.027 6.134 2 388 0.002

a. Predictors: (Constant), Leader time per block, Watched/Unwatched, Trial ID, Leader height,
Dyad number

b. Predictors: (Constant), Leader time per block, Watched/Unwatched, Trial ID, Leader height,
Dyad number, Leader height x Watched / Unwatched, Leader time x Watched/Unwatched
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Analysis of Variance (ANOVA)?

Sum of

Squares df Mean Square F
Regression 82.831 7 11.833 10.005 00"
Residual 458.897 388 1.183
Total 541.728 395

a. Dependent Variable: Follower height

b. Predictors: (Constant), Leader time x Watched/Unwatched, Dyad number,
Trial ID, Leader height, Leader time per block, Leader height x Watched /
Unwatched, Watched/Unwatched

Regression Coefficients®

Unstandardized Standardized

Coefficients Coefficients

B Std. Error Beta t Sig.
(Constant) 1.288 0.290 4.447 0.000
Dyad number -0.006 0.006 -0.053 -1.113 0.266
Trial ID -0.008 0.011 -0.034 -0.719 0.473
Watched/Unwatched 0.685 0.219 0.586 3.129 0.002
Leader height 0.211 0.035 0.287 6.002 0.000
Leader time per block 0.146 0.043 0.171 3.407 0.001
Leader height x -0.059 0.035 -0.203 -1.667 0.096
Watched / Unwatched
Leader time per block -0.117 0.042 -0.469 -2.795 0.005
x Watched/Unwatched

a. Dependent Variable: Follower height

There was no main effect of dyad or trial number. However, the height reached
by the Leader, the time taken by the Leader, and whether the Follower was Watched or
Unwatched were all statistically significant predictors of the height reached by the

Follower. The correlation coefficients suggest that, holding all other factors constant:

(a) Follower’s height increases in Watched trials over Unwatched trials

(b) Follower’s height increases as Leader’s demonstrated height increases

(c) Follower’s height increases as Leader’s movements become slower

(d) A slow movement by the Leader increases the Follower’s height to a greater extent

in the Unwatched trials, when compared with the Watched trials

Exploratory analysis of questionnaire data

As outlined above (Section 3.3.1) above, our questionnaires measured the following
individual traits: AQ, social anxiety, self-esteem. In addition, we also collected data on
level of education, and self-reported ethnicity for each participant, feelings of rapport of

each participant towards their interaction partner, and information on how familiar they
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were (if at all) with each other prior to the experiment. These showed that none of the

participants were outliers on these traits.

We attempted to ascertain whether the degree to which Follower’s movements
correlated with Leader’s movements (as measured by the Pearson’s correlation
coefficient, R) could be predicted by these individual traits or dyad features. Using the
Enter method we found that a multi-level regression model incorporating these factors
was not a significant predictor of overall correlation [F(7,14) = 1.31; p = 0.316]. There is
therefore no evidence (in this study) of a relationship between these traits and a
participant’s propensity to imitate. However, our study was not designed to examine this

issue and thus the lack of an effect should not be taken to mean there is no relationship.

3.4. Preregistered replication

3.4.1 Materials and Methods

The pre-registered replication closely followed the procedures outlined for the pilot
study above. A power-analysis in G¥Power (Faul et al., 2007) showed that with a Cohen’s
d of 0.63, it would be sufficient to test 29 dyads to detect such an effect with a power of
90%. We planned to test until we collected data from 30 valid dyads based on the pre-

analysis exclusion criteria.

The exclusion criteria used were the same as in the previous pilot study
(Section 3.3.1), with one addition: participants were also excluded if they were familiar
with each other prior to the study. The pre-analysis checks were done using demographic
and self-reported data from participants, checking the independent variables in the data,
and checking the data from the Final Check trials during the data collection phase, to
ensure we were able to count the number of valid dyads tested. The data from the
Experimental phase was otherwise untouched during the data collection phase, and the

analysis strategy was pre-registered prior to data analysis (https://osf.io/ezj8g/).

Participants

A total of 80 naive participants were tested in 40 pairs to collect data from 30 valid dyads
(42 females, 18 males; mean age = 24.17 years; SD = 6.58 years). The same criteria were
used as in the previous study, with the addition of the requirement that participants be
unfamiliar with each other prior to the commencement of the study. No confederates

were used during this study.
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Procedure

The procedures for this study were identical to the pilot study reported above, except
that each trial had three or four blocks per trial (instead of three or five blocks per trial in
the pilot study). The data analysis strategy was outlined in the preregistration and is

identical to the pilot study in Section 3.3.

3.4.2. Results

Overall peak height

As in the pilot study, we found that Followers tended to imitate the Leader’s trajectories
with high fidelity during the Experimental trials, without having been asked to do so
(Figure 3.4A). A one-sample t-test showed that the correlation between the Leader
heights and the Follower heights across all trials is statistically significant [N = 30, Mean
R value = 0.38, Std. Dev. = 0.46, t(29) = 4.52, p < 0.001].
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Figure 3.4. Preregistered Replication (N = 30) A. Overall imitation pattern: Line of
best-fit for the correlation between Leader heights and Follower heights for each dyad
(blue lines) and the group as a whole (heavy orange line). B. Correlations: The R values
representing the correlation between the Leader and Follower heights are shown for
each dyad and for the whole group (heavy orange line) for trials where the Leader
watches the Follower make their movements and trials where the Leader does not
watch. C. Results for one sample dyad: The heights reached by the Leader and
Follower in one dyad (#20) and respective trendlines across both the Watched and

Unwatched conditions.
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Imitation fidelity when being watched vs when not being watched

When it comes to the core experimental question of whether participants imitate with
greater fidelity when being watched, we find results similar to those in the pilot study.
Figure 3.4C shows the peak heights reached by the Leader and the Follower in each of
the 18 trials for one sample dyad. Across all participants we compared the correlation
between the Leader and the Follower heights in the Watched trials and the Unwatched
trials. A paired-sample t-test [N = 30] showed that these R values were higher when the
Leader watched the Follower [Mean R value = 0.48, Std. Dev. = 0.45] than when the Leader
did not watch the Follower [Mean R value = 0.32, Std. Dev. = 0.55] and that this difference
was statistically significant [t(29) = 2.84, p = 0.008].

This supports the social-signalling hypothesis of imitation, with participants
imitating a naive teammate with greater fidelity when they know they are being watched
by their interaction partner, when compared with a situation where they know their

partner is not watching them.

Multi-level regression analysis of Follower height

As outlined in the preregistration, we also conducted a multi-level regression analysis on

whether Follower height could be predicted based on several factors, including:

(a) The dyad number, to account for differences between pairs

(b) The trial number, to account for order effects in the trials

(0 The height demonstrated by the Leader

(d) The average time taken by the Leader to move one block in each trial

(e) Whether the Leader watched the Follower when they were making their

moves

We also considered two interaction effects, both between whether the Follower was

watched during their move and

(h) The height demonstrated by the Leader (c) x whether the Follower was
watched or not during their turn (e)
(1) The average time taken by the Leader to move one block (d) x whether the

Follower was watched or not during their turn (e)

Using the Enter method we found that a model incorporating only the main
effects (a-e) accounted for 19.3% of the variance in the Follower’s height [F(5,534) = 25.49;

78



p < 0.001]. Incorporating the two interaction effects (f-g) did not significantly improve
the performance of the model [AF(2,532) = 0.276; p = 0.759] and therefore only the model
with the main effects is considered below. The following table (Table 2.3) summarises the
models, along with the ANOVA and the regression coefficients of the first model. This
model suggests that the height reached by the Leader was predictive of the Follower’s
height. The main effect of trial number suggests that the Follower’s heights increased as
the experiment progressed, while the main effect of dyad number is indicative of
individual differences between Followers in various dyads. There was no main effect of
being Watched on the Follower’s height. It is important to note that this analysis focuses
on the height reached by the Follower as the dependent variable, since it is done on a
trial-by-trial basis; however, our key variable of interest in this chapter is the relationship
between the Leader’s height and the Follower’s height, rather than the Follower’s
trajectory alone. Nevertheless, this analysis is presented below for the sake of

completeness.
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Table 3.3. Pilot experiment: Regression model to predict Follower height

Summary of Models
Std. Change Statistics
Error of R
Adjusted the Square F Sig.F
Model R RSquare R Square Estimate Change Change df1 df2 Change
1 439a 0.193 0.185 1.31996 0.193 25.493 5 534 0.000
2 .440b 0.194 0.183 1.32175 0.001 0.276 2 532 0.759

a. Predictors: (Constant), Leader time per block, Watched /Unwatched, Dyad number, Leader
height, Trial ID

b. Predictors: (Constant), Leader time per block, Watched /Unwatched, Dyad number, Leader
height, Trial ID, Leader height x Watched / Unwatched, Leader time per block x Watched /
Unwatched

Analysis of Variance (ANOVA)?

Sum of

Squares df Mean Square F
Regression 222.077 5 44415 25.493 .000b
Residual 930.383 534 1.742
Total 1152.460 539

a. Dependent Variable: Follower height

b. Predictors: (Constant), Leader time per block, Watched /Unwatched, Dyad
number, Leader height, Trial ID

Regression Coefficients?®
Unstandardized Standardized

Coefficients Coefficients

B Std. Error Beta t Sig.
(Constant) 0.918 0.294 3.120 0.002
Dyad number 0.020 0.005 0.143 3.681 0.000
Trial ID 0.027 0.011 0.096 2.359 0.019
Watched /Unwatched 0.000 0.057 0.000 -0.007 0.995
Leader height 0.339 0.034 0.397 9.929 0.000
Leader time per block -0.021 0.041 -0.021 -0.509 0.611

a. Dependent Variable: Follower height

Exploratory analysis of movement duration

In addition to the preregistered analyses above, we also conducted an exploratory

analysis of the relationship between how quickly the Leader and the Follower moved in

each dyad. As in the pilot experiment, we calculated the correlation between the average

time taken to move one block by the Leader and the Follower in each dyad, across all

trials, and in only the Watched and Unwatched trials separately. A one-sample t-test

showed a statistically significant correlation between the average movement duration of
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the Leader and the Follower [N = 30, Mean R value = 0.21, Std. Dev. = 0.33, t(29) = 3.38, p
= 0.021]. However, the correlation in movement durations in the Watched trials [N = 30,
Mean R value = 0.22, Std. Dev. = 0.48] and the Unwatched trials [N = 80, Mean R value =
0.23, Std. Dev. = 0.35] were not statistically significantly different from each other
according to a paired-sample t-test [t(29) = -0.10, p = 0.918]. This suggests that Followers
tended to move more slowly when Leaders moved slowly, and this effect persisted in

both the Watched and the Unwatched conditions.

Exploratory analysis of questionnaire data

Similar to the analysis done in the pilot experiment (Section 3.3.8) we conducted an
exploratory analysis of whether the correlation between the Leader and the Follower’s
movements could be predicted by traits and demographic data collected on each
Follower. A multi-level regression model incorporating the Follower’s self-reported
social anxiety, self-esteem, the average rapport between the Leader and the Follower, the
Follower’s AQ, level of education, and whether the Leader and the Follower belonged to
the same ethnic group was not found to be a significant predictor of the degree to which
Follower’s movements correlated with Leader’s movements [F(6,23) = 1.19; p = 0.346].
However, as discussed earlier, this was not the primary purpose of our study, and thus a
lack of an effect could be due to the study being underpowered, rather than a lack of an

underlying relationship.

3.5. Overall discussion

The two studies in this chapter aim to test the social-signalling hypothesis of imitation,
which posits that one of the reasons that humans imitate others is to send a social signal.
In this study we found clear evidence that adults imitate with greater fidelity when they

know they are being watched by an interaction partner.

These two studies advance previous work on imitation in several important ways.
By undertaking an exploratory pilot study, and pre-registering the analysis for the
replication study, we can be confident that our results are robust, and not the outcome of
testing multiple hypotheses until results were found (or p-hacking). In the replication, by
using two naive participants (rather than having a confederate or experimenter
demonstrate the action sequence) we can avoid experimenter effects. Third, using
augmented reality allowed for precise capture of motion kinematics. Fourth, the ‘feeling
of being watched’ was manipulated at an abstract level by voice signals instructing the

Leader to open or close their eyes. This allows us to rule out several alternative
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interpretations of differences in imitative behaviour being due to arousal from direct
gaze (Senju & Johnson, 2009), due to social facilitation (Zajonc, 1965), or due to varying
levels of anxiety or attention (Heyes, 2017). In our study both participants stood side-by-
side throughout the experiment and therefore differences in eye-gaze and social-
facilitation cannot explain the present results. Participants were asked to move quickly
and accurately, implying that a straight trajectory was more efficient than using a curved
one. Further, if participants felt more anxious during trials when they know they are
being watched (Zajonc, 1965), we would expect them to move faster, straighter and lower.
Yet, participants’ actual movements were higher and did not differ in speed. Finally, since
the demonstration phases were identical in both the watched and unwatched conditions
there cannot be systematic differences in attention during the demonstration phase,

allowing us to rule out attentional explanations.

Overall, our experimental design suggests that the ‘being watched’ effect does not
arise from differences in arousal, social facilitation, anxiety, or attention. The remaining
explanation is that participants imitate with greater fidelity to send a signal to their
interaction partner. That is, these results support the claim that imitation can serve as a
social signal (Farmer et al., 2018) and suggests that this signal is enhanced when senders
know the recipient can receive it. This is compatible with the STORM model which posits
that basic mechanisms for observing and performing actions can be modulated according
to the scope and need to strengthen a social connection (Wang & Hamilton, 2012). The
current data is also consistent with earlier work on emotion mimicry (Bavelas et al., 1986)
and studies using video stimuli (Wang, Newport, et al., 2011). Note that the claim that
imitation can be a social signal does not rule out the possibility that, in other contexts,
imitation can also be used for social learning (Lyons et al., 2011), as many functions can

coincide in this behaviour (Over & Carpenter, 2012).

The question of what participants are signalling remains open. If imitation is a
social signal, then what is the content of the signal participants are sending? According to
the affiliative account of imitation (see Section 1.2.3) we copy for some affiliative purpose,
tending to imitate more when we are in the presence of a demonstrator (DiYanni et al.,
2011; Nielsen & Blank, 2011). In this particular experiment an alternate explanation could
be that Followers copy the Leader’s movements in order to secure a higher score. At the
start of the experiment participants are told that their score depends on how quickly and
accurately they make their movements. There is a possibility that Followers may
misinterpret this to think they should copy the Leaders trajectory to get a higher score—

however, if this were true then the fidelity with which they imitate the Leader should not
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vary based on whether they are watched or not. However, given the difference in
imitative fidelity between the Watched and the Unwatched condition, this is less likely.
What is possible, however, is that the Follower may be signalling to the Leader (in the
Watched trials) that they are a good learner, or are working hard to raise the team’s score.
Our current paradigm was not designed to parse the content of the signal being sent, but
in future work it would be interesting to test this by changing the cover story (by
removing the score element for example) to see if the imitative behaviour persists when

this specific sub-goal is eliminated.

There are also some limitations to our results. We cannot determine if Followers
became consciously aware of the Leaders unusual trajectories at some point prior to
being explicitly told about the trajectories (in the final phase)®. This study, therefore, does
not distinguish between conscious and unconscious copying. Future studies could
measure when (if ever) Followers become aware of the unusual trajectories and test if
awareness modulates imitation fidelity. Second, this study set social imitation of
kinematics within the context of a block-order learning task; a potential manipulation for
future experiments would be to generate a paradigm without a learning objective, such
as a task involving only natural conversation. Third, the rationality of the task was varied
by manipulating the height of the demonstrated trajectory. That is, moving higher was
always associated with making a more irrational move. In future studies it may be fruitful
to consider paradigms where the rationality is manipulated by either including or
excluding an obstacle, for example, to allow us to have the same movements for rational

and irrational actions.

Our study also generates several possible directions for future research. First, if
imitation is being used as a social signal, what message is being sent? Previous work has
suggested that imitation signals a desire to affiliate (Chartrand & Lakin, 2013) but positive
effects of being imitated are not always seen (Hale & Hamilton, 2016a; Verberne et al.,
2015). Kinematic patterns can also signal informative intentions (McEllin et al., 2018) or
confidence (Patel et al., 2012) which could be important here. It would also be interesting
to understand the neural mechanisms of imitation as a social signal. The STORM model
suggests that the interaction between gaze and imitation arises due to influence of medial
prefrontal cortex on mirror neuron regions (Wang, Ramsey, et al, 2011; Wang &

Hamilton, 2013). Combining this paradigm with brain imaging techniques such as

9 We could not explicitly ask about this since we did not want to prime participants with questions
about trajectories until the end of the experiment.
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functional near-infrared spectroscopy (fNIRS) (Pinti, Tachtsidis, et al., 2020), will allow
us to test the brain mechanisms involved while preserving the believability of the dyadic
interaction!®. Finally, our results suggest that some Followers imitated with greater
fidelity than others, although we did not find links between the self-reported traits and
propensity to imitate. Examining these individual differences could also be a productive

avenue for further study.

3.6. Conclusions

We hypothesised that imitation functions as a social signal and would be modulated in
line with its expected communicative capacity. A preregistered study of 30 pairs of naive
participants shows that participants tend to imitate the causally irrelevant kinematic
features of their partner’s movements, and imitate more when they know their partner
can see them. This provides evidence for top-down social modulation of imitation (Wang

& Hamilton, 2012) and for the use of imitation behaviour as a social signal to others.

10 See Section 2.5 for a detailed discussion of the cover story used in the paradigm
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3.7. Appendix: Questionnaires

Rapport questionnaire

This is a six-item questionnaire used to measure the participant’s feeling of rapport

towards each other, with participants rating their degree of agreement or disagreement

with each statement on a seven-point Likert scale.

Please read each statement carefully, and rate how strongly you agree or disagree with

the statement.

L.

The interaction with my partner was very smooth

Strongly disagree 1 2 8 4 5 6 7 Strongly agree
I felt rapport with my partner

Strongly disagree 1 2 8 4 5 6 7 Strongly agree
I felt that the communication flow with my partner was easy

Strongly disagree 1 2 8 4 5 6 7 Strongly agree
I felt very comfortable during the interaction

Strongly disagree 1 2 8 4 5 6 7 Strongly agree

During the interaction I found it easy to express what I wanted to say
Strongly disagree 1 2 38 4 5 6 7 Strongly agree

I felt that my partner could easily understand what I was thinking

Strongly disagree 1 2 38 4 5 6 7 Strongly agree
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Familiarity questionnaire

How well did you know your teammate before the game?

Unfamiliar (did not know him/her at all)
Somewhat familiar (casual acquaintance)
Familiar (friend)

Very familiar (long-time friend, roommate, partner, family member etc)

If you knew your teammate before the game, how long have you known each other?

[Text box]

If you knew your teammate before the game, how often have you met in the past week?

Not met in the past week
Met once
Met more than once but not everyday

Met everyday

How well did you know the experimenter before the game?
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Chapter 4. Neural correlates of imitation as a social signal
This study seeks to examine the neural correlates of imitative behaviour, in the context
of it being deployed as a social signal. We examine whether participants recognise an
action as irrational, the fidelity with which they imitate it, whether they encode the social
availability of their interaction partner, and whether this social availability modulates
their imitative fidelity.

Sujatha Krishnan-Barman!, Paola Pinti? & Antonia Hamilton!

Institute of Cognitive Neuroscience, University College London, Alexandra House, 17
Queen Square, London WCIN 3AR, United Kingdom

2Centre for Brain and Cognitive Development, Department of Psychological Sciences,
Bikbeck, University of London, Malet Street, London WCIE 7HX, United Kingdom

Part of this chapter is being published as a paper (in prep):

Krishnan-Barman, S., Pinti, P., & Hamilton, A. F. de C. (in prep). Neural correlates of
imitation as a social signal.
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4.1. Abstract

The social-signalling hypothesis of imitation is supported by previous research showing
that imitation fidelity is positively modulated by the social availability of an interaction
partner (Krishnan-Barman & Hamilton, 2019). This study examines the neural correlates
of this imitative behaviour, building on two previous studies detailed in Chapter 3. With
simultaneous neuroimaging (hyperscanning) using fNIRS we obtained brain signals from
the right hemisphere, centred on the right TP], and extending into the right IPL, in 20
pairs of naive participants, randomly assigned the roles of Leader and Follower using our
dyadic block-moving task (see Section 2.5.1). Leaders demonstrated the movement of
blocks in a simple task to Followers who then moved the blocks in the same order. Two
independent variables were manipulated: the height of trajectory demonstrated by the
Leader, and whether the Leader’s eyes were open or closed during the Follower’s turn.
Replicating previous results, we found that Followers imitated the Leader’s irrational
movements with greater fidelity when they knew they were watching them. When
watching irrational actions, Leaders showed greater activation in the right TP] when
watching Followers make high trajectories; Followers meanwhile showed activation in
the right IPL that was parametrically modulated by the rationality of viewed movements.
Followers encoded the social availability of the Leader via deactivation in the right TP]
and right IPL. Further, general linear models (GLMs) that incorporated an interaction
partner’s neural activity (made possible by hyperscanning) in addition to the behavioural
signals from both participants were found to be a better fit at predicting neural activity
in an individual. In addition to showcasing the utility of hyperscanning, this study offers

support for the social-signalling hypothesis of imitation.
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4.2. Introduction

Copying another person’s behaviour is often inefficient, particularly when their actions
are irrational or irrelevant. Yet, humans copy irrational actions prolifically while our
nearest primate relatives do not (Subiaul, 2016; Whiten, 2011). Several explanations have
been advanced for copying behaviour, including that it is a developmental side-effect of
domain-general learning (Darda & Ramsey, 2019; Heyes, 2017) or that it enables us to
build new skills (Flynn & Smith, 2012). It has also been observed that being copied builds
rapport and increases our liking of others (Chartrand & Bargh, 1999; Lakin & Chartrand,
2003; Stel & Vonk, 2010), and this effect persists even when the mimicking agent is a
computer or a virtual avatar (Bailenson & Yee, 2005; Suzuki et al., 2003). Imitation is also
seen to increase pro-social behaviour such as helping others (Miller et al., 2012) or

increasing the tips that waitresses receive (van Baaren et al., 2003).

We are particularly interested in the question of whether the affiliative effect of
imitation is an epiphenomenon, or one of its aims. If someone liking us more when we
imitate them is merely a happy side effect, then our imitative behaviour should not be
modulated by social context. That is, we should imitate all people relatively equally
regardless of whether they are observing us or not. Here the evidence is mixed, with some
studies suggesting that imitative behaviour is not influenced by whether we are being
watched or not (Lyons et al., 2007; Whiten et al., 2016), while others have found that we
tend to imitate a demonstrator with greater fidelity when they are watching us (DiYanni
et al., 2011; Marsh et al.,, 2019; Nielsen & Blank, 2011). The STORM model (Wang &
Hamilton, 2012) makes the specific claim that we imitate in order to affiliate building on
the hypothesis that imitation functions as a social glue (Farmer et al., 2018; Lakin et al,,
20083).

In our previous work we tested this social-signalling hypothesis of imitation by
examining whether social availability, that is the degree to which the recipient is available
to process a social signal, would influence imitation (Chapter 3). We found that people
tended to imitate their interaction partner with greater fidelity when they know they are
being watched by their partner. In this chapter we seek to extend our previous work by
examining the neural correlates of imitation in a social context. If the social-signalling
hypothesis of imitation is valid, then in a dyadic interaction where a demonstrator makes
an irrational movement and a responder then acts following the demonstration, we

would expect the following to occur:
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(@) The responder should recognise (either consciously or subconsciously) that the
action demonstrated is irrational; that is, brain activity should be different in the
rational and irrational conditions

(b) The responder should recognise the social availability of the demonstrator, as
reflected in differential brain activity between the watched and unwatched
conditions

(c) The responder should copy the demonstrators’ actions, including potentially the
demonstrator’s irrational actions

(d) The degree to which the responder copies the irrational action should be related
to the social availability of the demonstrator; that is, they should copy the

irrational action more closely when the demonstrator is watching them

Here, (c) and (d) are behavioural responses that we have systematically tested in
two previous studies using pairs of naive participants (detailed in Chapter 3). We used our
dyadic block-moving task (see Section 2.5.1) where in each pair one participant was
randomly assigned the role of Leader and demonstrated the order in which blocks were
to be moved to a Follower, using irrationally high trajectories in some trials. This task
builds on a range of paradigms used in the study of mimicry and on evaluating rationality
(Forbes & Hamilton, 2017; Gergely et al., 1995; Krishnan-Barman et al., 2017; Marsh et al.,
2015; Oliver et al., 2017; Wild et al., 2012). In the pair of studies detailed in Chapter 3 we
found that Followers reliably imitated the Leader’s high trajectories and did so with
greater fidelity in trials where they knew the Leader was watching them, versus trials
where they knew the Leader had their eyes closed. In the current study we will seek to
replicate these results a third time. Testing (a) and (b) requires examining neural activity
during the study, to see if brain activation differs based on the rationality of the

demonstrated action, and between the watched and unwatched conditions.

4.2.1. Dyadic experiments using fNIRS

Functional near-infrared spectroscopy (fNIRS) is a relatively novel brain-imaging
technique that measure changes in concentration of oxygenated and deoxygenated
haemoglobin in the cortical surface (Scholkmann et al., 2014). As detailed in Chapter 2
(see Section 2.4) fNIRS is a safe, low-cost, non-invasive imaging technology that was
originally developed to study neonates in intensive care units and has since been adapted
for wider non-clinical use. The signals obtained from fNIRS are similar to the BOLD

signal used in fMRI and the method yields comparable results (Noah et al., 2015).
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Much of the existing research on the neural correlates of imitation has relied on
PET (Decety et al., 1997, 2002; Grafton et al., 1996; Grezes, 1998; Krams et al., 1998), MEG
(Nishitani & Hari, 2000, 2002) or fMRI (see Caspers et al., 2010 for a review), which are
sensitive to motion artefacts and have physical limits on the range of possible movement.
Consequently these have been limited to using finger-tapping tasks (Brass et al., 2001;
Iacoboni, 1999; Koski et al., 2002; Mengotti et al., 2012; Tanaka et al., 2001), or grasping
and hand configuration tasks (Buccino et al., 2004; Grafton et al., 1996). In contrast f{NIRS

allows for a much wider range of movement (Pinti, Tachtsidis, et al., 2020).

Another limitation of many of the finger-tapping or grasping experiments is that
they use ‘isolation paradigms’ (Becchio et al., 2010) which focus on individual actions on
their own (a first-person account), or more typically, invite us to imagine other people’s
behaviour or mental states (a third-person account). Implicit in studies using third-person
neuroscience is the view that imagining a social interaction generates the same behaviour
and neural activation as actually engaging in one. Neuroimaging studies of imitation, for
example, almost exclusively use video stimuli (Caspers et al., 2010) while neuroimaging
studies of other types of social interaction study participants who are physically isolated
in the scanner but are asked to interact with a real or fictitious partner outside the scanner
(Decety et al., 2004; Gallagher et al., 2002) . However, a growing body of research in social
neuroscience is focused on a second-person approach, where participants engage in real-
time social interaction with partners (Schilbach et al., 2018). While more complex to
implement, this approach adheres to the idea that social interaction is more than the sum
of its parts (De Jaegher et al., 2010; Hasson et al., 2012); that is, the neural activations
engendered by social interaction is more than that generated during similar activities

undertaken on one’s own.

Hyperscanning

As paradigms are developed to allow two people to engage in social interactions, scientists
have become interested in simultaneously recording neural data from both subjects
(Konvalinka & Roepstorff, 2012). This technique, known as hyperscanning (Montague et
al., 2002), allows us to investigate the inter-brain links during social interaction as well.
The first mentions of hyperscanning come from a study by Duane and Behrendt (1965)
who recorded EEG simultaneously in pairs of twins; however the idea fell out of vogue
and it was only in the last two decades that it has been employed again. Many
hyperscanning studies use EEG, fMRI or a combination of both (Babiloni & Astolfi, 2014;
Dumas et al., 2011; Koike et al., 2015), while the usage of {NIRS for hyperscanning is only
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just beginning to gain popularity (Cheng et al., 2015; Cui et al., 2012; Dommer et al., 2012;
Funane et al., 2011; Holper et al., 2012; Jiang et al., 2012; Nozawa et al., 2016; Osaka et al.,
2014; Scholkmann et al., 2013).

Development of this new technique has also led to the development of a range of
new analytical techniques that extend our analysis of single brains to dyadic or group
interactions. Broadly, these analyses focus on estimating inter-brain synchrony via
measuring the correlation between two signals (their similarity in the temporal domain)
or the coherence (similarity in the frequency domain); Czeszumski et al. (2020) provide
a detailed review of analysis techniques for hyperscanning used in different modalities.
One frequently used technique is wavelet transform coherence (WTC). This was initially
developed to analyse geophysical time series (Grinsted et al., 2004), but was used in one
of the earliest fNIRS hyperscanning studies (Cui et al., 2012); since then it has been used
widely in this field (Cheng et al., 2015; Dommer et al., 2012; Holper et al., 2012; Jiang et
al.,, 2012; Liu et al., 2016; Osaka et al., 2014). These analyses effectively tell us how similar
the signals from two interacting brains are to each other. Similarities could arise because
of the social interaction between the two participants, but it could also simply be because
both are receiving the same stimuli in the same environment simultaneously, known as
the ‘problem of common input’ (Burgess, 2013; Hamilton, 2020). These measures of
inter-brain coherence also do not provide information on how this coherence is related

to participant’s behaviour during the task.

Mutual prediction hypothesis

An alternative analytical approach has been advanced by Kingsbury and their
colleagues (2019) who modelled neural activation in pairs of interacting mice using a
mutual prediction framework. They recorded neural activations in the prefrontal cortex
in mice who were either exploring the same space or interacting competitively and found
an increase in correlation of brain signals in the exploring condition when compared with
the competitive condition. To analyse this further, they used GLMs which modelled
neural activation in each mouse by including the behavioural signals from both animals,
as well as the brain signals from their interaction partner. These extended GLMs
outperformed the traditional GLMs (which include only behavioural signals from both
animals) at predicting neural activation. The traditional GLM captures the moment-to-
moment synchronisation of the animals’ behaviours; however, the existence of inter-
brain coherence over and above what is captured in the traditional GLM suggests that the

mice are mutually predicting each other’s behaviour too.
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Our experiment was initially designed only to allow us to observe activations in
both the Leader and the Follower simultaneously while interacting. However, the
experiment design allowed us to also test this mutual prediction hypothesis using an
exploratory analysis technique. These are two distinct ideas—whether imitation is a social
signal, and whether two people interacting mutually predict each other’s neural
activations as well—where one does not depend on another. In terms of analysing the
inter-brain coupling, we have followed a similar analytical approach to Kingsbury et. al.
For each pair of participants we built a traditional GLM and compared this with an
extended GLM that incorporates neural activations from an interacting partner. This
allows us to test whether there is inter-brain coupling over and above what is captured in

the behavioural measurement (if the extended GLM outperforms the traditional GLM).

4.2.2. Neural correlates of imitation and social availability

In this section we review what we know so far about the brain regions involved in
imitation, including the observation and production of actions, interpreting the

rationality of actions, and processing social context.

Observing and producing actions

At its heart, imitation involves observing and producing actions. The direct-matching
hypothesis (Rizzolotti et al., 2001) argues that both action-observation and production
arise in the human mirror-neuron system, or MNS. The MNS comprises the IFG, or
Broca’s area, the IPL, and the STS/MTG. The MNS is thought to enable imitation by
directly mapping observed actions onto one’s motor system (Iacoboni, 1999, 2005;
Rizzolotti & Craighero, 2004); indeed, a large meta-analysis by Caspers et al. (2010)
identified consistent activations in the IFG, the IPL, the premotor cortex and adjacent
superior frontal gyrus, supplementary motor area, and visual area V5 during action

imitation tasks. These support the view that the MNS is implicated in imitative behaviour.

Rationality

In addition to observing and producing actions faithfully, imitation also involves
examining whether an action is congruent with expectations (see Section 1.4.2). For
example, if we move a ball with a high trajectory in order to avoid an obstacle, it is
congruent with expectations; a high trajectory that is undertaken when there is no
obstacle, however, violates our expectations (Gergely & Csibra, 2008). Here, a number of

studies have shown that there is activation in the STS when we view actions that are
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incongruent with expectations (Grézes et al., 2004; Pelphrey et al., 2003; Saxe et al., 2004).
Activation in an adjacent region, the MTG has been found to be positively correlated with
the degree of (ir)rationality of an action (Jastorff et al., 2011; Marsh, Mullett, et al., 2014).
More dorsally, a number of studies have found increased activation in the right TP] and
right IPL when observing irrational actions (Brass et al., 2007; Marsh, Mullett, et al., 2014;
Marsh & Hamilton, 2011; Oliver et al., 2017). One brain region where the evidence is
mixed is the mPFC: two studies showed deactivation in the mPFC for irrational actions
(Marsh, Mullett, et al., 2014; Marsh & Hamilton, 2011), while others have found an increase
in activation in this region when it comes to observing novel irrational actions (Brass et
al., 2007) or when there was a mismatch between the content of a narration by an actor
and their facial affect (Decety & Chaminade, 2003). Nevertheless, it appears that imitation
involves a sophisticated view of rationality that incorporates the physical constraints and

goals of an actor in interpreting actions.

Control of imitation

Humans do not imitate indiscriminately, and imitation is a sophisticated and dynamic
process that requires other inferential and control processes (Brass et al., 2007; Csibra,
1998; Southgate & Hamilton, 2008; Uddin et al., 2007). We now turn to the question of
how we interpret actions in the mind. Several studies have shown that the inhibition of
imitation in adults involves mPFC and the TP] (Brass et al., 2001, 2005). The networks
engaged in this control are anatomically and functionally distinct from mechanisms
involved in controlling other types of prepotent responses such as those engaged in the
Stroop task, suggesting this is domain-specific to imitation (Brass et al., 2003, 2005).
These networks, the mPFC and TP], also form the core of the mentalising network
(Amodio & Frith, 2006; Frith & Frith, 2008). Brass et al. (2009) suggest that the process
of controlling imitation and mentalising are linked, with both requiring good self-other
distinction. In a series of studies they showed that mentalising ability is positively related
to the ability to control prepotent imitative responses in those with prefrontal or TP]
lesions (Spengler, von Cramon, et al., 2010), in those with autism (Spengler, Bird, et al.,
2010), and in healthy neurotypicals whose self-other distinction was manipulated
experimentally (Spengler, Brass, et al., 2010). Stimulation studies have also shown that
the right TPJ is implicated in the control of imitation (Hogeveen et al., 2015; Santiesteban
et al., 2012; Sowden & Catmur, 2015). The mPFC meanwhile has been found to be
involved in modulating imitative behaviour; in particular, the mPFC mediates the effect
of eye-gaze (Wang, Ramsey, et al., 2011) and social priming (Wang & Hamilton, 2015) on

imitation. Van Overwalle (2009) suggests that the TP] is involved in inferring temporary
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states of mind, while the mPFC integrates these over time into broader traits. Taken
together these suggest that in adults mentalising networks are also implicated in

imitation.

Social availability

Finally, we turn to the question of social availability: is there a brain region that
encodes the effect of being watched? This is technologically challenging to study within
existing neuroimaging modalities given that they usually study one subject in isolation.
However, there is reason to suggest that mentalising is likely to be a key component of
this phenomenon (Hamilton & Lind, 2016). Mentalising networks in the brain are reliably
engaged in the presence of direct gaze (Wang, Ramsey, et al., 2011) and when people
believe they can be seen (Somerville et al., 2013). This effect persists even when the feeling
of being watched occurs at a more abstract level, such as when people are told their
cognitive capacity is being evaluated (Bengtsson et al., 2009) and when people make self-

disclosures (Izuma et al., 2010) or are embarrassed (Muller-Pinzler et al., 2015).

In summary, observing and producing actions appears to involve the mirror-
neuron system, or MNS, while the inferential and control processes around imitation
implicate the mentalising network. Based on the evidence on gaze and audience effects
described above, we expect that the mentalising network is also likely to be involved in
encoding social availability, or the effect of being watched. Finally, processing action

rationality appears to involve both parts of the MNS and the mentalising network.

4.2.3. Current study

In our study we wished to use one fNIRS system to study two subjects simultaneously.
This necessitated splitting the fibres to cover one hemisphere for each participant.
Further, using fNIRS requires us to limit ourselves to studying structures on the cortical
surface. As discussed in the previous section the observation and production of actions,
as well as processing action rationality involve parts of the MNS. Specifically, processing
action rationality appears to involve the right IPL, as well as a part of the mentalising
network, namely the right TP]. The right TPJ is also implicated in the inhibition of
imitation and the mentalising network more broadly is thought to be involved in
encoding the effect of being watched. Given these prior results and the physical
constraints of our equipment we focused our study on the right TP], right IPL and

adjacent areas.
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We used a single fNIRS system (Hitachi ETG-4000 Optical Tomography system)
and divided the optodes between both participants as shown in Figure 4.1. Dividing the
cables from a single system allowed us to overcome the issues of variable sensitivities and
synchronisation across multiple devices. As introduced earlier, this study investigates the
neural correlates of imitation in an ecologically valid fashion. Pairs of naive participants
are assigned the role of Leader and Follower and asked to undertake a sequential block-
moving task in an augmented-reality environment. Privately, Leaders are instructed to
make irrationally high trajectories when demonstrating the movement of the blocks to
the Follower in some trials. The Follower then makes their move; in half the trials the
Follower is watched by the Leader when it is their turn. To avoid confounding our study
with the effect of gaze (Senju & Johnson, 2009) and social facilitation (Zajonc, 1965), the
feeling of being watched is manipulated at an abstract level through sound cues. The
participants stand side-by-side throughout the experimental phase of the study and do
not look at each other’s faces, therefore there are no differences in eye-gaze and social

facilitation throughout.

Based on the social-signalling hypothesis of imitation, our four main hypotheses

for this study are:

(a) The Follower will recognise (consciously or subconsciously) that a demonstrated
high trajectory is irrational; based on the existing research highlighted above we
expect this will be encoded in the right TPJ and right IPL.

(b) The Follower will recognise the social availability of the Leader; that is, they will
be aware of when the Leader is watching them. This effect of being watched is
expected to be encoded in the mentalising networks of the brain.

(c) The degree to which the Follower imitates the Leader’s trajectory will be
modulated by whether the Leader is watching the Follower make their movement.

(d) Finally, we expect that incorporating the neural activation of the interaction

partner will improve the model fit, supporting the mutual-prediction hypothesis.
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C Movethe shapesin
the right order

Figure 4.1. An overview of the experimental setup. A. Configuration of the augmented
reality (AR) lab with the functional near-infrared spectroscopy (fNIRS) equipment. B.
Two participants stand side-by-side and can see the AR space. The fNIRS probes are
positioned over the right temporal-parietal junction (right TP]) of both participants as
shown. C. The task involved moving blocks from one table to another in the AR space
in the demonstrated order.

4.3. Materials and Methods

4.3.1 Participants

A total of 22 pairs of participants were tested in the study. Two pairs of participants were
excluded based on the behavioural exclusion criteria (outlined below), leaving us with 20
pairs of participants in the final analysis (13 males, 27 females; mean age = 27.45 years;
Std. Dev. = 9.01 years). All were right-handed, had normal or corrected-to-normal vision
and hearing, had no history of neurological or psychiatric disorders, and had not

participated in this experiment previously.
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All participants were recruited for this study using the subject pools of the UCL
Department of Psychology and the Institute of Cognitive Neuroscience. Participants were
reimbursed financially for their time (£10 for the experiment) and provided informed
written consent prior to participating. All procedures were approved by the UCL
Research Ethics Committee (ICN-AH-PWB-3-3-2016¢).

4.3.2. Block-moving task in augmented-reality environment

Pairs of participants arrived together for the study and were randomly assigned the role
of Leader and Follower. After they introduced themselves to each other they were asked
to choose a name for their team together and were told they would be competing against
other teams whose (partly fictional) scores were on a visible leader board. This was done
to induce a prosocial collaborative frame of mind within the dyad, rather than have them
view each other as competitors (also see Section 2.5 for details on the cover story that was
provided to participants on what the experiment was designed to study). The participants
stood side by side (see Figure 4.1) facing the screen; the Leader was always on the left-
hand side and the Follower was on the right-hand side (it was not possible to
counterbalance this owing to the orientation of the fNIRS equipment). Magnetic motion-
trackers (Polhemus Liberty, Colchester Vermont) were fixed to the right hand and the
forehead of each participant. These hand markers allowed participants to control a hand
icon in the augmented-reality environment. The augmented-reality environment and

the experiment were implemented in Vizard (WorldViz, Santa Barbara, CA).

Timeline of one trial

The timeline of a typical trial is shown in Figure 4.2 below. At the start of each trial the
Follower was instructed via a computerised voice command to close their eyes. The
Leader saw a demonstration of three or four blocks being moved from one table to
another in a particular order within the AR environment (Figure 4.2A). The Follower was
then asked to open their eyes, and the Leader demonstrated the order in which the blocks
are to be moved to the Follower (Figure 4.2B). The blocks were then reset to their starting
position. The Follower was then asked to move the blocks in the same order to the right-
hand side table (Figure 4.2C). Both participants then saw a joint score based on accuracy

(moving the blocks in the right order) and timing (moving quickly) (Figure 4.2D).
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Figure 4.2. Trial timeline. A. The Follower closes their eyes while the Leader watches
the computer demonstration. B. The Leader demonstrates, while the Follower watches.
C. The Follower moves the blocks (The Leader’s eyes can be open or closed). D.
Participants see a joint score which rewards accuracy and speed. Speech bubbles
throughout show computerised voice commands.

Phases of the experiment

The study had three phases: familiarisation (both Leader and Follower), Leader practice
(with only the Leader), and full experimental trials. These phases are summarised in

Table 4.1 and explained in detail below.

Table 4.1 Phases of the experiment

Explicitly instructed to
copy trajectoryof  Followers' eyes Leaders' eyes

demonstration? during during Follower's Trajectory Number of

Phase Leader Follower demonstration movement heights trials
Familiarisation No No Closed Open Low / Med / High 3
Leader practice Yes N/A N/A N/A Low / Med / High 3
Experimental  Yes No Closed Open / Closed Low / Med / High 18

In the familiarisation phase participants hand movements were calibrated within
the augmented-reality environment and they practiced using their hands to move blocks.
After three familiarisation trials the Follower was told that they would now have the
fNIRS cap placed on them, and that the Leader would have additional practice trials
during this time. The Follower was then asked to turn and sit in a way that they were

unable to see the screen during the Leader’s practice trials.
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During the Leader’s practice phase the Leader was given explicit instructions to copy
the trajectory demonstrated by the computer and asked to keep this secret. The
instructions displayed for the Leader are shown below in Figure 4.3A. These instructions
were left onscreen for as long as it took the Leader to read and absorb the instructions;
they signalled with a head nod once they had finished reading it, and then proceeded to
the Leader practice trials. The Leader was shown the three different trajectories (low,
medium and high) in a randomised order over three trials and asked to copy the
trajectory. The Leader was then given positive or negative feedback on how accurately

they copied the path demonstrated (Figure 4.3B).

A

B rﬁ Good job matching the
EI- ) PATH of the computer

q You have an extra instruction just for vou. ) demonstration ast
time!
@ @ Don't say anything out loud, but nod once you have

read and understood everything below! —

T Remember : Follow the same

;'I @ @ 4 path as the computer

Do not share this instruction
with your teammate!

. You didn't match the
PATH inyour last turn

From now on, the
blockswill be moved in
a specificPATH - either
high, medium or low in

height.

You should also move Remember : Follow the same path, and do not share i Remember : Follow the same
the blocks in the SAME this instruction with your teammate! (@ @ path as the computer
BBIH" % . - Do not share this instruction

Ready? Let's practice a few times while your
teammate puts on their headgear!

with your teammate!

Figure 4.3. Leader's secret instructions. A. At the start of the Leader practice trials the
Leader is told to copy the trajectory demonstrated by the computer and to keep this
secret from their teammate (the Follower). B. Feedback screens shown to the Leader at
the start of each trial in the Leader practice trials and the Experimental trials, showing
whether they followed the path demonstrated by the computer in the previous trial or
not.

While the Leader completed their practice trials, the fNIRS optodes were placed
on the Follower. Following this, the Leader also had the fNIRS cap placed on their head
(the procedure is described below), before moving on to the experimental phase. In this
phase we used a 8 x 2 factorial design with three different trajectory heights (low, medium
and high) crossed with whether the Leader had their eyes open or closed during the
Follower’s turn (Watched and Unwatched). The six conditions were repeated thrice over
the 18 experimental trials, with the trajectories presented in a randomised order. The
Watched and Unwatched trials occurred in blocks of three trials; the initial block

(Watched or Unwatched) was randomised.
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Following the Experimental Trials, the fNIRS probes and the Polhemus magnetic
motion trackers were removed from participants, and both separately filled out a series

of questionnaires including:

(1) Rapport questionnaire: Six-item survey of their feelings of rapport towards
each other

(ii) AQ (Baron-Cohen et al., 2001) which measures the extent of autistic traits
in adults

(i)  Interaction Anxiousness Scale (Leary, 1987) which measures social anxiety,
and

(iv) Rosenberg Self-Esteem Scale (Rosenberg, 1965) which measures self-

esteem.

Participants also completed a written debrief in which they were asked what they
thought the purpose of the experiment was, and whether they noticed the differences in
the trajectory heights prior to being explicitly told about them. Further, they were asked
to self-report their ethnicity and their level of familiarity with their partner and the
experimenter. In addition to tracking motion using a motion-capture system, we also
recorded videos of the participants performing the task. This allowed us to verify that
they kept their eyes closed and refrained from talking when required to do so, ensuring

that the social manipulation worked.

4.3.3. Behavioural analysis

The behavioural analysis follows the same procedure as in the two studies described in
Chapter 3. The analysis centred on a single parameter: the maximum heights reached by
the Leader and the Follower in each trial in the Experimental phase. Given that each trial
involved moving three or four blocks, in our view peak height is the most salient measure
of the fidelity with which a movement trajectory was copied. To account for individual
differences between Leaders, the Pearson correlation coefficient (R) was calculated
between the Leader’s height and the Follower’s height in each trial and used to evaluate

imitation fidelity across the Watched and Unwatched trials.

Behavioural exclusion criteria

Dyads were excluded for the following reasons:

101



(ii)

(iii)

@iv)

)

Data was not recorded owing to equipment failure or failure in the task
software;

In the Full trials if the Leader failed to copy the computer demonstration with
high fidelity (defined as having an R value of 0.5 or higher) after having been
explicitly instructed to do so;

The Leader revealed the secret instruction (to copy the trajectory
demonstrated by the computer) to the Follower during the full trials;

The Follower specifically asked the Leader about the path or trajectories they
were demonstrating;

Either the Leader or the Follower failed to follow instructions to close their

eyes at various points in the trial.

4.3.4. {NIRS data acquisition

The NIRS signals were recorded using an ETG-4000 (Hitachi, Japan) Optical Topography

system. A 8 x 5 probe holder was attached to a regular swimming cap for each participant

and positioned over the right hemisphere, centred on the right TP] as shown in Figure

4.1B. A total of 15 optodes, comprising eight dual-wavelength laser diodes (695/830nm)

and seven photo detectors, allowed for measurement of 22 channels as shown in Figure

4.4A. The distance between source-detector pairs was 8 cm. The signals were acquired at

a frequency of 10 Hz and the signals were downsampled to 1 Hz to reduce temporal

autocorrelation.
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Figure 4.4. Optode configuration. A. Diagram showing the positions of the light
sources (red) and receivers (blue) and the 22 channels created by the 15 probes. B.
Locations of the 22 channels on the right hemisphere for both participants.

INIRS optode localisation

The locations of the optodes and five canonical head locations (inion, nasion, right

preauricular, left preauricular and vertex) were recorded for one participant and the

corresponding Montreal Neurological Institute (MNI) coordinates (Mazziotta et al., 2001)
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for each channel was obtained using the NIRS-SPM software (Ye et al., 2009) with

MATLAB® and the corresponding anatomical locations of each channel were derived
from the included atlas (Rorden & Brett, 2000). Table 4.2 lists the MNI coordinates and

the anatomical regions, Brodmann Areas (BA) and the probability that each region is

included in the channel. Only regions with a probability greater than 0.1 are included in

the table below. The equipment used to digitise the optode locations was very sensitive

to magnetic interference in the testing environment, preventing us from obtaining

optode locations for each individual participant.

Table 4.2. Channel coordinates and anatomical regions. Channels are listed below
alongside their Montreal Neurological Institute (MNI) coordinates (Mazziotta et al.,
2001). The corresponding anatomical region labels are obtained from the NIRS-SPM
software (Ye et al., 2009) based on the included atlas (Rorden & Brett, 2000). Alongside
each anatomical region the corresponding Brodmann Area (BA) and the probability
that this region is included in the channel are shown.

MNI coordinates

Channel Probability
number X Y Y4 Anatomical region BA ofinclusion

1 66.0 3.3 9.7 Retrosubicular area 48 0.50
Pre-Motor and Supplementary Motor Cortex 6 0.31

Subcentral area 43 0.13

2 723 -29.7 11.7 Superior Temporal Gyrus 22 0.88
Middle Temporal gyrus 21 0.10

3 60.0 -67.83 12.3 Fusiform gyrus 37 0.67
Angular gyrus, part of Wernicke's area 39 0.27

4 453 -87.7 127 V38 19 0.82
Visual Association Cortex (V2) 18 0.18

5 65.0 1.7  15.7 Pre-Motor and Supplementary Motor Cortex 6 0.63
pars opercularis, part of Broca's area 44 0.29

6 70.0 -18.3 20.7 Superior Temporal Gyrus 22 0.43
Primary Somatosensory Cortex 2 0.32

Subcentral area 43 0.25

7 653 -53.7 27.3 Superior Temporal Gyrus 22 0.60
Supramarginal gyrus part of Wernicke's area 40 0.19

Angular gyrus, part of Wernicke's area 39 0.14

8 507 -76.7 28.7 Angular gyrus, part of Wernicke's area 39 0.84
V3 19 0.16

9 353 -93.0 193 V3 19 0.49
Visual Association Cortex (V2) 18 0.46

10 70.0 -10.3 26.7 Subcentral area 43 0.78
Primary Somatosensory Cortex 2 0.17

11 67.0 -42.7 36.7 Supramarginal gyrus part of Wernicke's area 40 0.88
Retrosubicular area 48 0.10

12 56.3 -63.8 42.0 Angular gyrus, part of Wernicke's area 39 0.96
Supramarginal gyrus part of Wernicke's area 40 0.04

13 423 -82.83 3853 V3 19 0.76
Angular gyrus, part of Wernicke's area 39 0.24

14 587 8.3 417 Pre-Motor and Supplementary Motor Cortex 6 0.74
pars opercularis, part of Broca's area 44 0.18

15 68.0 -31.8 42.3 Supramarginal gyrus part of Wernicke's area 40 0.56
Primary Somatosensory Cortex 2 0.26

Primary Somatosensory Cortex 1 0.18
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MNI coordinates

Channel Probability
number X Y 4 Anatomical region BA ofinclusion
16 56.3 -53.3 52.3 Supramarginal gyrus part of Wernicke's area 40 0.79
Angular gyrus, part of Wernicke's area 39 0.21
17 453 -72.3 48.3 Angular gyrus, part of Wernicke's area 39 0.58
Somatosensory Association Cortex 7 0.31
V3 19 0.11
18 293 -86.0 423 V3 19 0.88
Somatosensory Association Cortex 7 0.11
19 56.3 -13.7 56.3 Primary Motor Cortex 4 0.48
Primary Somatosensory Cortex 3 0.31
Pre-Motor and Supplementary Motor Cortex 6 0.20
20 56.7 -42.3 56.7 Supramarginal gyrus part of Wernicke's area 40 0.81
Primary Somatosensory Cortex 2 0.15
21  43.7 -61.7 58.0 Somatosensory Association Cortex 7 0.40
Supramarginal gyrus part of Wernicke's area 40 0.34
Angular gyrus, part of Wernicke's area 39 0.27
22 297 -77.7 53.3 Somatosensory Association Cortex 7 0.90
V3 19 0.10

4.8.5. {NIRS analysis

The raw fNIRS data (showing absorption of the two wavelengths) was converted into
concentration changes of HbO, HbR, and total-Hb by the modified Beer-Lambert law
using custom MATLAB® scripts and the preprocessing of the data was performed in
HomER (Huppert et al., 2009). In line with the recommendations made by Pinti et al.
(2019) we applied a bandpass filter (0.01 Hz to 0.3 Hz) to denoise the data.

[NIRS exclusion criteria

The data for each of the 22 channels across all 40 participants (from the 20 valid dyads)
was visually inspected in MATLAB to correct for motion artefacts, and channels with
large motion artefacts were excluded from the analysis. The HbO and HbR data for each
channel were also visually inspected to see if they were positively correlated with each
other; this would be an indication that the signal was being driven by other physiological
changes and not by neural activity (Oliver et al., 2017; Tachtsidis & Scholkmann, 2016).
Channels where both signals were positively correlated were also removed from the
analysis. Following these exclusions, participants for whom there were fewer than nine
usable channels (representing 40% of the channels) were excluded (1 Leader and 2
Followers). For the remaining 37 participants, individual channels were excluded if they

were subject to motion artefacts or physiological noise.
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First-level analysis

The first-level GLM analysis was performed using the fNIRS toolbox in SPM12 (Friston
et al,, 1994; Tak et al., 2016) implemented in MATLAB®. For this analysis, the HbO and
HbR data were combined using the correlation-based signal improvement method (Cui
et al., 2010), or CBSI, to generate a corrected activation signal. This is a noise-reduction
algorithm that is built on maintaining the negative correlation between HbO and HbR

and this combined CBSI signal is used in the remainder of this analysis.

The design matrix for the Leader included one regressor for the Leader’s action,
and one for the Follower’s action in the Watched trials, as well as additional regressors
for the demonstration and scoring portions of each trial. Two parametric regressors were
generated for the Leader’s action and the Follower’s action in the Watched trials; the
weightings in these parametric regressors were determined by the height demonstrated
by the Leader and the height reached by the Follower, respectively. The Leader’s design

matrix thus had seven regressors.

Two parametric contrasts were created by placing a +1 over the column for each
parametric regressor, and with zeros placed over all other columns. This allowed us to
calculate activation when the Leader performed an irrational action (Cl, based on the
parametric regressor using the height demonstrated by the Leader), and activation when
the Leader watched the Follower perform an irrational action (C2, based on the
parametric regressor using the height demonstrated by the Follower). The relevant

columns and contrasts are shown below in Table 4.3.
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Table 4.3. Contrasts. The structure of the individual design matrices is shown below
for the Leader and the Follower showing the included regressors for each. The five
contrasts of interest are highlighted showing how they are constructed, with +1 over
each relevant column for forward contrasts, and a -1 over the relevant columns for
reverse contrasts.

Follower action -
Leader action Fallower 'Watched |Parametric
Lgader [Parametricbasedon action- based on Follower
Leader design madric Demo  action  Leader height) Watched Theight] Score Const
€1 Perfarming irrational sctions a o 1 o ] a a
c Watching Follcrsss perform @ a 0 o 1 o 0
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Fodowar ation Follerwed  Follewsar e2than
Leader action Follower Watched [P aametrk action- Unwatches
Lemder [Parameiric bimedon sctian- bimed on Follower Usnwistche  (Parsmatric based on
Folnwsr dedgrmatrls D act lon Leacdar halght] Walched haight) d Foilowsr haight | Senre Coml
-3 j-l'n.'r!l.-u:lz Leader per form o o 1 0 a 0 o o 0
IrraGanal & Tons
g Periorming acties when Watc b o o o 1 a 4 B 0 &
v Ui nvwmriched
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For the Follower, the design matrix included regressors for the Leader’s action,
the Follower’s action in the Watched condition and the Follower’s action in the
Unwatched condition, as well as additional regressors for the demonstration and scoring
portions of each trial. As above, three parametric regressors were generated: one for the
Leader’s action, based on the height demonstrated by the Leader, and one each for the
Follower’s action in the Watched and in the Unwatched conditions, both based on the
height reached by the Follower. Together, the Follower’s design matrix had nine

regressors.

Three different contrasts were calculated by placing a +1 over the column for
forward contrasts and a -1 over the column for reverse contrasts. C3 calculated activation
in the Follower when watching the Leader perform an irrational action; this was
calculated using the parametric regressor of the Leader’s action based on height
demonstrated by the Leader. C4 evaluated activation in the Follower when being
watched; this was calculated by placing a +1 over the column for the Follower action in
the Watched condition and a -1 over the column for the Follower action in the Unwatched
condition. Finally, C5 evaluated activation in the Follower in both the Watched and
Unwatched condition when performing an irrational action; this was calculated by
placing a +1 over both the parametric regressors of the Follower’s action (Watched and
Unwatched columns) which are based on the height reached by the Follower. The
relevant columns and contrasts are shown in Table 4.3. These analyses were all performed

at the individual level before being combined at the group level as outlined below.
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Group-level analysis

At the group level, t-tests were conducted on the individual parameter values (B values)
for each contrast across all valid channels. We did not undertake a voxelwise analysis
approach owing to the high likelihood of false positive findings given multiple voxel
comparisons (Hirsch et al., 2017). Instead, we used individual channels as the unit of
analysis. Given the limited number of planned comparisons, the uncorrected p-values
are presented in the results below. However, where two or more adjacent channels show
a significant effect for p<0.05 we consider this as a corrected significant result (Pinti,
Tachtsidis, et al., 2020; Southgate et al., 2014).

Extending the GLM

In addition to this traditional GLM, we undertook an exploratory analysis of the inter-
brain links within each dyad. Building on the approach used by Kingsbury et al. (2019) we
created two additional design matrices for the Leader and the Follower. The traditional
GLM incorporated the task-related regressors (seven regressors in the case of the Leader,
and nine regressors for the Follower) as outlined in Table 4.3. In addition, the extended
GLM included a further 22 additional regressors comprising the neural activation in the
channels of the interaction partner. Channels which had to be excluded for failing quality
checks (outlined in the fNIRS exclusion criteria in Section 4.3.5 above) were also excluded
here. For each channel of each participant, we compared the fit of the traditional GLM to
the extended GLM using the inbuilt MATLAB® likelihood ratio test to determine
whether the inclusion of the additional regressors improved the model fit; a threshold p-

value of 0.05 was used for this comparison.

The traditional GLM models activity in each participant (Leader and Follower)
separately as a function of both their behaviours as described above. The extended GLM
models activity for each participant as a function of both participants’ behaviours, as well
as the brain activity of their interaction partner. As Kingsbury et al. (2019) argue, if the
extended model is a better fit this would suggest activations in one subject contained
information about activation in the other subject over and above what can be explained

by moment-to-moment behaviour during the task.
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4.4. Results

4.4.1. Overall peak height

The Pearson correlation coefficient (R) was calculated between the maximum height
reached by the Leader and the Follower across all 18 trials in the Experimental phase.
Figure 4.5A shows the trendlines for the relationship between the Leader’s height and the
Follower’s height for all dyads, and we can see that there is a positive relationship between
the heights reached by the Leader and the Follower. However, a one-sample t-test
showed that while this was in line with previous studies (see Chapter 3) the effect was not

statistically significant [N = 20, Mean R value = 0.18, Std. Dev. = 0.35, t(19) = 1.66, p = 0.113].
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Figure 4.5. Behavioural Results of fNIRS study (N = 20). A. Overall imitation pattern:
Line of best-fit for the correlation between Leader heights and Follower heights for
each dyad (blue lines) and the group as a whole (heavy orange line). B. Correlations:
The R values representing the correlation between the Leader and Follower heights are
shown for each dyad and for the whole group (heavy orange line) for trials where the
Leader watches the Follower make their movements and trials where the Leader does
not watch.

4.4.2. Imitation fidelity in watched vs unwatched condition

Turning to the main experimental question of whether the fidelity with which Follower’s
imitated Leader’s trajectories was modulated by whether the Followers were being
watched by the Leader or not, our results are in line with previous work (Chapter 3, and
Krishnan-Barman & Hamilton, 2019). Across all participants, we compared the

correlation between the Leader and the Follower heights in the Watched condition and
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in the Unwatched condition (Figure 4.5B). A paired-sample t-test [N = 20] showed that
the correlation coefficients (R values) were higher when the Follower was being watched
by the Leader [Mean R value = 0.21, Std. Dev. = 0.38] than when the Follower was not
being watched by the Leader [Mean R value = 0.08, Std. Dev. = 0.38] and that this effect
was statistically significant [t(19) = 2.32, p = 0.031]. This offers further support to the
social-signalling hypothesis of imitation, with Followers imitating their teammate with
greater fidelity when they know the teammate is watching them, compared with trials

where they know that the interaction partner is not watching them.

4.4.3. Brain areas parametrically modulated by rationality when observing
action

In both the Leader and the Follower channels in the right TP] and the right IPL were
parametrically modulated by the rationality of their interaction partner’s movement
(namely the height of the trajectory). In the Leader (C2 in Table 38.3), activation in channel
7 (right TP]) was found to be parametrically modulated by the height performed by the
Follower (Figure 4.6A). In the Follower (C3), activation in channel 12 (right angular gyrus)
was found to be parametrically modulated by the height demonstrated by the Leader
(Figure 4.6B).

Watching an interaction partner make irrational movements

35

3.8

Figure 4.6. Channel-wise activation when watching irrational actions. The T-values
for the specified contrast are plotted at the channel locations on the canonical brain.
Channels with an uncorrected p-value of p<0.05 are highlighted with a red circle.

4.4.4. Brain areas parametrically modulated by rationality when performing
action

When it comes to performing irrational actions, no channels in the Leader showed
significant activation in this parametric contrast (Cl). It is important to note that the

Leader performed high movements when specifically instructed to do so by the
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computer. As a result, the high movement performed is not strictly “irrational” since the

Leader is aware of why they are making this movement.

When it comes to the Follower we see that activation in channel 22 is supressed
parametrically based on the height performed by the Follower (C5 in Table 4.3 and Figure
4.7B). This means that activation in channel 22, part of the right superior parietal lobe
(right SPL), is greater when the Follower performs a rational action (of moving with a low
trajectory) than when the Follower performs an irrational action (moving with a high
trajectory). While the SPL has been implicated in other studies in the copying of arm
postures (Tanaka & Inui, 2002), the direction of the effect here appears to run counter to

what we would expect if it was an effect of moving higher.

Performing irrational movements

3.5

Figure 4.7. Channel-wise activation when performing irrational actions. The T-values
for the specified contrast are plotted at the channel locations on the canonical brain.
Channels with an uncorrected p-value of p<0.05 are highlighted with a red circle.

4.4.5. Brain response to being watched

The Follower’s brain responses (C4 in Table 4.3) when being watched by the Leader
(Watched) were contrasted with responses when not being watched (Unwatched). Six
channels around the right TP] extending into the right IPL showed greater deactivation
in the Watched condition. This suggests that the abstract effect of being watched could

be encoded here.
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Being watched when performing an action
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Figure 4.8. Channel-wise activation when being watched. The T-values for the
specified contrast are plotted at the channel locations on the canonical brain.
Significant channels (uncorrected p<0.05) surviving the correction for multiple
comparisons (where two or more adjacent channels are also significant) are marked
with asterisks and a red circle (Southgate et al., 2014).
The figure above (Figure 4.8) shows the six channels that showed a unique effect of being
watched. Since in each case two or more adjacent channels show a significant effect for
p<0.05 this is considered corrected for multiple comparisons (Pinti, Tachtsidis, et al.,
2020; Southgate et al., 2014). In all six channels the activation in the Unwatched condition

was greater than in the Watched condition.

4.4.6. Summary of brain activation results

Table 4.4 below shows the details of channels where unique statistically significant

responses were found for each of the four significant contrasts. C1 was excluded from this
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since none of the channels in the Leader were parametrically modulated by the height

performed by the Follower.

Table 4.4. Channels showing significant activations in GLM analysis. The channels
are listed below alongside the corresponding anatomical region labels are obtained
from the NIRS-SPM software (Ye et al., 2009) based on the included atlas (Rorden &
Brett, 2000). The most likely anatomical region is included in this table; for full details
please refer to Table 4.2. There were no channels with significant activations for Cl;
this has been excluded from the table below. For contrasts C2 — C5 the T values and the
uncorrected p-values are listed for each channel showing significant activations.
Significant channels which survive the correction for multiple comparisons by virtue
of having two or more adjacent channels with an uncorrected p<0.05 are highlighted

in bold.
C2Leader watching C3Follower C4 Follower C5 Follower
Follower perform  watching Leader performing actions performing
irrational actions performirrational Watched >> irrational actions
actions Unwatched
Channel
number Anatomical label T Ppluncorr) 1 pluncorr) T p (uncorr) T  Ppluncorr)
6 Superior Temporal Gyrus -3.32 0.01
7 Superior Temporal Gyrus  2.56 0.02 -2.22 0.04
Supramarginal gyrus part
11 of Wernicke's area -2.68 0.03
Angular gyrus, part of
12 Wernicke's area 2.50 0.03 -2.66 0.02
Supramarginal gyrus part
15 of Wernicke's area -2.27 0.04
Angular gyrus, part of
17 Wernicke's area -2.64 0.02
Somatosensory
22 Association Cortex -2.38 0.04

4.4.7. Comparing the fit of the traditional GLM with an extended GLM

The traditional GLM (incorporating only the behavioural data from both participants)
was compared with the extended GLM (which additionally incorporated neural
activation from all 22 channels of the interaction partner). Figure 4.9 shows this
comparison for one channel (channel number 6): for each Leader, the brain activation
was modelled using the traditional GLM (with seven regressors), and using the extended
GLM (with the seven regressors plus an additional 22 regressors incorporating activation

from each channel of the corresponding Follower).

The traditional model and the extended model were compared using the inbuilt
MATLABO function 1mecompare. This compares the two models using the likelihood

ratio test to generate the maximised log likelihood for each model, and a p-value for the

likelihood ratio test comparing the two models. While the traditional model has far fewer
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parameters than the extended model, the comparison corrects for this, generating both
Akaike and Bayesian information criteria for each model. In Figure 4.9 the traditional
model is highlighted in blue if it is the better model (null hypothesis), while the extended
model is highlighted in orange if the p-value shows that it is a statistically significant

improvement over the traditional model.

Channel number 6 across all Leaders

Traditional Extended Traditional Extended
Model Model Model Model
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Figure 4.9. Comparison of the traditional GLM and extended GLM for channel 6 for
all Leaders. The traditional GLM incorporated task-related regressors, while the
extended GLM also included neural activation from the interacting partner, in this case
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the Follower. The models were compared using the inbuilt MATLAB® likelihood ratio
test (lmecompare) to determine whether inclusion of the additional regressors
improved the model fit. Participants for whom the extended GLM met the threshold
p-value of 0.05 are highlighted in orange; participants for whom this threshold was not
met have the traditional GLM highlighted in blue.
The log likelihood of the extended and traditional GLMs across all Leaders (Figure
4.10 A) and all Followers (Figure 4.10 B) for each channel is shown below. Adding the
neural activation of the interaction partner improved the model fit supporting the view
that there is inter-brain coupling over and above what is captured by their behaviour.
This would suggest that both the Leader and the Follower are mutually predicting each

other’s brain activation patterns.
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Figure 4.10. Log likelihood comparison of traditional and extended GLMs. A. This
shows the comparison of the log likelihoods of the traditional GLM to the extended
GLM for all Leaders. B. This shows the comparison of the log likelihoods of the
traditional GLM to the extended GLM for all Followers.

4.5. Discussion

In this study we sought to extend the social-signalling hypothesis of imitation by
evaluating its neural correlates using the same simple block-moving task in an
augmented-reality environment as outlined in Chapter 3 (Krishnan-Barman & Hamilton,

2019). In addition to replicating our behavioural results we found a robust effect of being
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watched on brain activity in the parietal cortex. Our results also suggest that
incorporating neural activation from an interaction partner improved the model fit,
supporting the mutual-prediction account. In this discussion we will first review the
behavioural results, followed by the brain responses to watching and performing
irrational actions, brain responses to being watched, and the benefits of incorporating an
interaction partner’s neural signals in a model of neural activity. Finally, we will discuss

some limitations of this study and directions for future work.

4.5.1. Imitative fidelity when watched by an interaction partner

In line with our previous work (Krishnan-Barman & Hamilton, 2019) we found that adults
imitated irrational movements with greater fidelity when they knew they were being
watched by an interaction partner. This is in line with other recent studies that have
shown that our imitative fidelity is modulated by the social availability of the
demonstrator (DiYanni et al., 2011; Marsh et al., 2019; Nielsen & Blank, 2011; Sommer et
al., 2020).

Studies of the audience effect have shown that differences in behaviour may arise
owing to differences in anxiety and attention when we are being watched (Heyes, 2017),
differences in arousal from direct gaze (Senju & Johnson, 2009), or mere social
facilitation (Zajonc, 1965). However, our study was designed to minimise the differences
in social context between the watched and unwatched condition: participants stood side-
by-side throughout rather than face to face. This ensured there were no differences in
social facilitation or eye-gaze between the two conditions. If an increase in anxiety in the
Watched condition affected behaviour, we would expect the effect to be reversed as
typical hand movements tend to proceed in a straight line (Abend et al., 1982) and
participants’ scores were based on speed, encouraging them to move as quickly as
possible. Instead, people imitate their partners’ irrational trajectories with greater fidelity
in the Watched condition, precluding the anxiety explanation. Finally, the demonstration
phases in both Watched and Unwatched trials were identical ruling out explanations
involving a difference in attention. This suggests that the behaviour arises from a
(subconscious or conscious) intent to imitate more in the Watched condition, supporting

the hypothesis that imitation is a social signal.

4.5.2. Brain responses to watching and performing irrational actions

In our study pairs of naive participants were assigned the role of Leader and Follower

randomly, and the Leader was explicitly and secretly instructed to make irrational
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movements, while the Follower was not given this instruction. For Leaders observing
their interaction partners’ irrational movements, activation in the right TP] was
parametrically modulated by action rationality. In the Followers activation in the right

angular gyrus (part of the right IPL) was parametrically modulated by action rationality.

Previous studies have shown increased activation in the right TP] or adjacent areas
when observing irrational actions (Brass et al., 2007; Marsh, Mullett, et al., 2014 reported
activation in the right IPL extending to the right TP]) or when observing actions that are
incongruent with expectations (Brass et al., 2009; Saxe et al., 2004). Marsh and Hamilton
(Marsh & Hamilton, 2011), meanwhile, reported greater activation in the right IPL. when
viewing irrational actions. These studies all involved watching irrational actions passively.
However, a number of studies have implicated the right IPL in preparing to move. Sirigu
et al. (2004) report that the angular gyrus (part of the IPL) generates internal
representations of action before performance, while another study showed that
activation in the right IPL predicted subsequent imitative fidelity (Frey & Gerry, 2006).
This may explain the difference in activation patterns seen in Leaders and Followers: in
our paradigm, Leaders observed Followers make their movements at the end of each
trial; Followers meanwhile were observing Leaders with the expectation of making their
own movement immediately after. This interpretation is supported by a study by Oliver
et al. (2017) who used a similar block-moving task with rational and irrational trajectories,
and showed an increase in activation in right IPL. when observing irrational actions prior
to performing movements. The TP]J is part of the human mentalising network (Amodio
& Frith, 2006) and is active when people contemplate others’ intentions and beliefs. The
IPL meanwhile forms a core of the human mirror-neuron system (MNS) which is part of
the action observation and production network in the brain. These results support the
view that both the action observation and mentalising networks are involved in

processing and preparing to imitate irrational actions.

Performing irrational actions (moving with a higher trajectory) led to deactivation
in the right SPL in the Followers; no regions in the Leader were parametrically modulated
by the height performed. While the SPL has been found to be involved in the copying of
whole-arm postures (Tanaka & Inui, 2002), the direction of the effect here runs counter
to what we would expect if it was related to moving the arm higher since here higher arm
movements lead to greater deactivation in the right SPL. This suggests that it may be an
effect of having to perform an irrational action, rather than merely a motor response to
making a higher movement. Given the design of our study it is not possible to

disambiguate the effect of moving higher from making an irrational movement.
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Subsequent studies could be designed to separate these two effects by having both the
rational and irrational movements have identical kinematics, with rationality solely
manipulated by the placement of barriers in the path. While a number of studies have
utilised this obstacle-priming paradigm (Forbes & Hamilton, 2017; Griffiths & Tipper,

2009), none so far to our knowledge have combined this with neuroimaging.

4.5.3. Brain responses to being watched

Audience effects are challenging to study using neuroimaging, but this study sought to
overcome this using a relatively believable paradigm (see Section 2.5) and using fNIRS to
capture neural signals. We found significant deactivation in neural signals around the
right TP] and right IPL in participants in the Watched condition compared with the
Unwatched condition. This was our most robust result with multiple adjacent channels
showing significant activations, thereby passing the test for multiple comparisons (Pinti,
Devoto, et al., 2020; Southgate et al., 2014).

This deactivation stands somewhat in contrast with other papers that have shown
that the mentalising network is engaged in the presence of direct gaze (Wang, Ramsey, et
al., 2011), when the belief that we are being watched is induced indirectly (Somerville et
al., 2013) or manipulated at an abstract level, such as when we feel we are being evaluated
in some way (Bengtsson et al., 2009; Izuma et al., 2010; Muller-Pinzler et al., 2015).
However, in all these cases, the activation in the mentalising network is found more

rostrally, in the mPFC rather than the right TP].

Here we review some potential explanations for this intriguing result. In our
experiment the Follower was not passive in either the Watched or Unwatched condition;
rather in both cases the Follower was executing movements. Based on this, several
possible explanations arise for the deactivation seen in the Watched condition versus the

Unwatched condition.

First, we know that in the Watched condition Followers tended to copy the
Leader’s movements with greater fidelity. While the trajectories in the rational condition
are similar across both Watched and Unwatched conditions, Followers tended to move
higher in the irrational condition in the Watched condition rather than the Unwatched
condition. Thus, the deactivation in the parietal cortex in the Watched condition could
be linked to the effect of moving higher in the Watched condition. However, the GLM
included a parametric regressor of the height of the Follower’s movements, making this

less likely.
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Second, it could relate to the degree of motor planning required. If we assume that
simply following what the Leader does (and not generating one’s own motor plan) is less
cognitively demanding, then Followers would be able to follow the Leader’s motor plan
in the Watched-rational and Watched-irrational conditions as well as the Unwatched-
rational conditions. It is only in the Unwatched-irrational condition where the Leader
would make a high movement, and the Follower would (as seen in the behavioural results)
be more likely to respond without copying the Leader’s trajectory with great fidelity.
Potentially, this could involve the motor cortex, explaining the greater activation in this
region in the Unwatched-irrational condition. However, we note that this would be an
interaction effect rather than a main effect of being watched per se. Our study was not
designed to capture this interaction effect in our planned comparisons. In future studies

it would be worthwhile to plan these comparisons in advance.

A third strand of explanation centres on the possibility that being watched could
be cognitively more demanding, having an impact on neural activity. On one hand, being
watched may require more cognitive resources as we attempt to take an intentional stance
or monitor our partner’s attention. This may take resources away from controlling or
inhibiting our tendency to imitate, leading to greater imitation in the Watched condition.
This may also fit in with the reduction in neural activity in the TP] seen in the Watched
condition, since there is evidence that the TP] is involved in controlling imitation (Brass
et al., 2001, 2005; Hogeveen et al., 2015; Santiesteban et al., 2012, 2015). Previous studies
that have involved just being watched (see Section 1.4.3) have usually shown that
mentalising regions, including the mPFC and the TP], are engaged when we encounter
direct gaze or are being watched (Cavallo et al., 2015; Dravida et al., 2020; Wang, Ramsey,
et al., 2011). This would be an interesting avenue to explore in future work, particularly if
we could scan the entire brain to see what is happening elsewhere during the Watched

and Unwatched condition.

A final explanation is that not being watched may be the more atypical condition'.
Remembering that our interaction partner cannot see us may require more mentalising
since it is an unusual condition in a typical pair-wise interaction. The uniqueness of the
situation may make it more demanding in terms of perspective-taking or mentalising.
This is another idea worth exploring more deeply. In existing research on being watched
versus not being watched, we have not seen mention of this dynamic (see Section 1.4.3)

and instead have seen mentalising networks more engaged when being watched. But

1'We would like to thank Gergely Csibra for this valuable suggestion.
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again, whole brain scans will give us more information on what is going on elsewhere in

the brain while participants are doing this task, and inform these tentative hypotheses.

4.5.4. Extending the GLM

In simultaneously recording signals from both members of the dyad, we also found that
a GLM that incorporated the neural signals of an interaction partner outperformed a
GLM that only included behavioural signals from both participants in an interaction even
after correcting for the increase in the number of parameters. This supports the view that
neural signals in both participants are mutually predictive beyond what is captured in
their instantaneous behavioural measurements. This builds on an innovative analytical
approach advanced by Kingsbury et. al. (2019) when analysing neural signals in pairs of
interacting mice. However, it remains to be seen whether the improvement in the GLM
seen is specific to the partner, or whether incorporating the neural activations from
anyone doing the task would outperform a GLM without neural data from an interaction
partner. That is, we need to mitigate the problem of brain signals being synchronised
owing merely to receiving the same stimuli in the same environment, or what is known
as the ‘problem of common input’ (Burgess, 2018; Hamilton, 2020). In our experimental
design different pairs saw trials in randomised order, so it was not possible to synchronise
the neural data and compare real pairs with pseudo pairs, but in future work designed to
test this hypothesis, we could present trials in the same order for different dyads and then
compare the improvement seen in the GLM for genuine and pseudo pairs to parse this

hypothesis.

4.5.5. Limitations and future directions

These results have some limitations, both relating to the paradigm and to technical
challenges. First, our study assumes that consistent placement of the cap on all subjects
allowed us to record from the same brain regions throughout. However, Oliver et al.
(2017) suggest that this may not always be valid. The limitations of our testing
environment meant that we were unable to undertake a spatial registration of the optode
positions for each participant. Future studies should attempt to do so to test this

assumption rigorously and exclude channels that deviate too far from the group mean.

Second, the design of the experiment means that we cannot differentiate between
the effect of moving higher versus making an irrational movement. On one hand this
allowed us to design an experiment that did not explicitly call attention to the trajectory,

and to test the replicability of the results found in the studies described in Chapter 3.
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However, this meant that the brain response to irrationality is confounded with the brain
response to moving higher. One mitigant here is that we found that performing irrational
actions, which involve moving with a higher trajectory, led to a deactivation in the SPL
in Followers. As we note above (in section 4.5.2) the SPL is implicated in the imitation of
whole-arm movements (Tanaka & Inui, 2002), but the direction of this effect runs
counter to what we would expect if it was related to the height rather than the rationality
of the movement. Nevertheless, replicating these effects with a different kind of
paradigm, such as one where the movements are same throughout with rationality
manipulated by the presence of an obstacle in the path would increase the robustness of
our findings. Finally, our design does not distinguish between conscious and unconscious
copying or allow us to ascertain whether Followers became aware of the Leader’s

trajectory during the experiment.

The sample size of the present study was not large enough to test for fine
individual differences. However, we highlight two avenues where further investigation of
these differences may be productive. First, some Followers exhibited greater imitative
fidelity than others; we found no meaningful links between their self-reported traits
measured via the questionnaires and their propensity to imitate, but larger studies may
be better equipped to study these. Second, the mutual prediction account advanced by
Kingsbury et al. (2019) found that the degree to which including the interacting partner’s
brain signals improved the predictive capability of the GLM was related to the
subordinate-dominant relationship between the two animals. Our study was setup
between two naive participants who were treated as equals, and this is also seen in how
including the interaction partners brain signals improved the predictive capacity of the
GLM for both Leaders and Followers. However, in future research, setting up a more
hierarchical experiment with a clear dominant-subordinate dynamic would enable us to
study whether this would have an impact on both behaviour and mutual prediction using

neural signals.

This study offers behavioural support for the hypothesis that imitation is a social
signal and sketches out the neural mechanisms in the mentalising and action observation
networks that are involved in sending this signal. The content of this signal is yet to be
fully parsed, however. Extant research suggests that imitation increases affiliation and
pro-social behaviour (Chartrand & Bargh, 1999; Lakin & Chartrand, 2003; Miiller et al.,
2012; Stel & Vonk, 2010; van Baaren et al., 2003). Examining whether the neural

mechanisms are modulated by affiliative goals, whether they change for example based
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on the group membership or status of the target, is another rich vein worthy of

exploration.

4.6. Conclusions

Overall, this research supports the social-signalling hypothesis of imitation by showing
that participants encode the rationality of observed actions in the mentalising and action-
observation networks, and the social availability of the interaction partner in the
mentalising networks of the brain. This study also replicates our previous research
(Krishnan-Barman & Hamilton, 2019) showing that people imitate an interaction partner
with greater fidelity when they know that their partner is watching them. A joint analysis
of hyperscanning data supports a mutual prediction account of neural signals that go

beyond the matching of behavioural responses.
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Chapter 5. Imitation as a social signal in autism

This study extends the social-signalling hypothesis of imitation by comparing the
behaviour and neural correlates of imitative behaviour among neurotypicals and autistic
adults. Existing research paints a picture of great heterogeneity in imitative abilities and
deficits among those with autism, and this study seeks to improve our understanding of
whether autistic participants also imitate to send a social signal. We examine the fidelity
with which participants imitate irrational actions and whether this is modulated by the
social availability of their interaction partner. We also evaluate the neural correlates of
observing irrational actions, encoding whether they are watched or not, as well as how we
process being copied ourselves.
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5.1. Abstract

This thesis has focused on evaluating the social-signalling hypothesis of imitation which
posits that imitation can serve as a social signal. The evidence from previous studies (in
Chapters 3 and 4) conducted on neurotypical participants shows that they tend to imitate
the irrational features of actions demonstrated by an interaction partner and do so with
greater fidelity when they know their interaction partner can watch them. In this study
we sought to extend this hypothesis by examining the differences between neurotypical
and autistic participants. Autism is thought to be accompanied by imitative deficits,
although the evidence on their extent is mixed. Here we examined differences in
behaviour as well as in neural correlates across both groups in a modified version of our
dyadic block-moving task and found that both groups imitated the irrational trajectories
shown, and the imitative fidelity in both groups was modulated by the social availability
of their interaction partner. Despite similar behavioural outcomes we saw some
differences in the neural correlates of responding to irrational actions, being watched,
and being copied between neurotypicals and autistic adults. This suggests that the same
behaviour (of using imitation as a social signal) may arise from different brain

mechanisms between neurotypical and autistic participants.
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5.2. Introduction

A variety of explanations have been advanced for imitative behaviour including that it is
a side-effect of domain-general processes (Darda & Ramsey, 2019; Heyes, 2017), that it
enables us to build new skills (Flynn & Smith, 2012), or that it serves as a social-glue
(Chartrand & Lakin, 2018; Lakin et al., 2003; Lakin & Chartrand, 2008). This thesis has
focused on testing the social-signalling hypothesis of imitation which builds on the social-
glue explanation and the STORM model (Wang & Hamilton, 2012) to claim that imitation
is a social signal sent to an interaction partner. The test of whether this hypothesis is true
rests on whether imitation in a pair-wise interaction is then modulated by the social
availability of the interaction partner, namely whether the partner is watching the
potential imitator make their movements, or not. Extant research in this regard has been
mixed, with some studies showing that the degree of imitation is modulated by the social
context (DiYanni et al.,, 2011; Marsh et al., 2019; Nielsen & Blank, 2011); other studies
meanwhile have shown that that children overimitate even when the demonstrator is
absent (Lyons et al., 2007), and that both children and adults overimitate when they are
not aware of being watched (Whiten et al., 2016). While these latter studies argue against
imitation being a social signal, they also involve novel tasks or ambiguity over whether
the absence of the demonstrator implies the participant is not being watched. A more
recent study showed that children overimitate when the demonstrator watched them and
when the demonstrator left the room, but not when she turned away from them in the
same room, suggesting that active disengagement was the variable that modulated

imitative fidelity (Marsh et al., 2019).

The social-signalling hypothesis of imitation (outlined in Section 1.8.2) is concerned with
whether people imitate an interaction partner’s irrational actions, and whether this is
modulated by the social availability of the interaction partner. In the context of a pairwise
interaction between a demonstrator and a responder (who acts following a
demonstration), the social-signalling hypothesis would posit that the following would

OCcCur:

(a) The responder should recognise (either consciously or subconsciously) that the
action demonstrated is irrational, as reflected in differential brain activity between
the rational and irrational conditions

(b) The responder should recognise the social availability of the demonstrator; that
is, brain activity in the watched and unwatched conditions should be different

(c) The responder should copy the demonstrators’ actions, including potentially the

demonstrator’s irrational actions
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(d) The degree to which the responder copies the irrational action should be related
to the social availability of the demonstrator; that is, they should copy the
irrational action more closely when the demonstrator is watching them

(e) Further, if imitation is a social signal, then the neural correlates of being copied

should differ from the neural correlates of not being copied

In a series of studies (Chapter 3 and 4) we tested the behavioural and neural
correlates of this using pairs of naive participants in our dyadic block-moving task (see
Section 2.5.1). In each pair one participant was randomly assigned the role of the Leader
and asked to demonstrate the order in which to move blocks to a Follower, using both
rational and irrational trajectories. The Follower was unaware of the manipulation of the
trajectories and was merely asked to move the blocks in the same order as the Leader.
We also manipulated whether the Leader watched the Follower make their moves. Across
three studies we found that Followers reliably imitated the Leader’s irrational trajectories
to a greater extent when the Leader was watching them rather than in trials where they
knew the Leader had their eyes closed. This is in line with the behavioural response
expected in (c) above. In Chapter 4 we also tested (a) and (b), looking at neural correlates
in the right hemisphere fNIRS. Here we found that watching irrational actions led to an
increase in activation in right IPL among naive participants. This supports the view that
participants identify actions as irrational. We also found a robust effect of being watched
on the right parietal cortex, supporting the hypothesis that participants identify whether
their interaction partner watches them. Taken together this offered support for the

social-signalling hypothesis of imitation.

In the present study we sought to extend this by comparing neurotypical (NT) and
autistic adults. Autistic people show some imitative impairments when compared with
neurotypicals although the evidence on the universality and extent of these deficits has
been disputed (see Section 1.5.2). When it comes to the social-signalling hypothesis of
imitation we do not know if people with autism will identify actions as irrational to the
same extent as neurotypicals, whether they will encode the feeling of being watched in
the same way as neurotypicals, whether they will imitate irrationally high trajectories,
and whether the extent of their imitation will be modulated by the social availability of
their interaction partners. We also do not know if both neurotypical and autistic people
will show similar responses to being copied by an interaction partner. These are the main

questions that this study sought to answer.
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3.2.1 Imitation of irrational actions In a social context: the evidence from
autism

In this section we review the existing evidence on how people with autism process social
interaction, potential imitative impairments in autistic people, and how those with autism
respond to rational and irrational actions. Impairments in social interaction are one of
the defining features of autism; individuals with ASC often have trouble understanding
social norms or socially-relevant cues (Frith, 2003; Schilbach et al., 2012). One reason for
this could be that autistic people fail to orient attention towards relevant social cues (Klin
et al., 2002; Pelphrey et al, 2002). Indeed Marsh and colleagues (2014) show that
individuals with ASC show reduced attention to features of an action and simultaneously
an impairment in their ability to predict goals; however looking only at trials where ASC
participants paid attention to the action features, their performance matched that of
neurotypical controls. The behaviour of those with ASC also does not show the same
extent of modulation based on social context that is seen in neurotypicals: studies have
shown that gaze and social engagement do not modulate copying or learning in those
with ASC to the same extent as in matched controls (Vivanti et al., 2016; Vivanti &
Dissanayake, 2014). Other studies have shown that typically developing children show a
susceptibility to an audience effect that is not exhibited by autistic children (Chevallier et
al., 2014); here typically-developing children showed an improvement in performance
on a theory-of-mind task when they were watched which was not replicated in those with
ASC. These results suggest that those with ASC may be less prone to modulate their

behaviour based on whether their interaction partner is watching them or not.

Although impairments in imitation were not initially observed (Asperger, 1944;
Kanner, 1943), both diagnosticians who first identified the condition noted that those with
autism frequently failed to learn from others (Vivanti & Hamilton, 2014). In the
subsequent decades imitation in autistic people has been extensively studied, but the
evidence on imitative impairments is mixed (see Section 1.5.2). Two extensive reviews
have supported the view that those with ASC exhibit imitative impairments (Edwards,
2014; Williams et al., 2004). However, other studies have shown little or no difference in
imitative abilities between neurotypical and autistic people (Dapretto et al., 2006; Libby
et al,, 1997; Press et al., 2010; Sowden et al., 2016). Nevertheless, as Vivanti and Hamilton
(2014) note the idea of imitative impairments among autistics is deeply ingrained, and
these impairments are often used for diagnosing ASC despite it not being one of the core

measures recommended in the DSM-5 (American Psychiatric Association, 2013).
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It has been suggested that some of these contradictory results could be attributed
to the diverse methodologies used in the studies, involving novel or routine tasks,
automatic or voluntary imitation and varying social contexts (Sevlever & Gillis, 2010).
Indeed Edwards (2014) notes that there appears to be great heterogeneity in imitative
deficits, although the degree of impairment appeared to be related to the severity of ASC
symptoms. While the broken-mirror hypothesis (Iacoboni & Dapretto, 2006;
Ramachandran & Oberman, 2006; see Section 1.5) suggests that these imitative
impairments in those with autism arises from a dysfunction in their MNS, this this has
been challenged by later work that has shown that not all forms of imitation are equally
impaired in those with autism (Hamilton, 2008; Southgate & Hamilton, 2008). This
empirical evidence also ties in with alternate theoretical accounts of imitation, namely
the EP-M and the STORM model (see Section 1.4.1) which suggests that rather than a
global impairment in imitation, specific mechanisms are differentially impaired in those
with autism. These specific mechanisms include the M-route, or mimicry route, in the
EP-M model, while the STORM model claims that imitative impairments in autistic
people arise from atypicality in the top-down regulation of the MNS. These dual-route
and top-down regulation explanations are not mutually exclusive, and are supported by
evidence showing that those with autism copy the style of an action when it is necessary
to achieve a goal, but not when it is incidental, unlike neurotypicals who copy style in
both scenarios (Hobson & Hobson, 2008; Hobson & Lee, 1999)

An alternate explanation is that differences in imitation task performance between
neurotypical and autistic individuals rest on the fact that imitation requires good self-
other distinction (Brass et al., 2009), a phenomenon that may be compromised in those
with autism. Studies have shown that imitative abilities are impaired in those with
prefrontal or TPJ lesions (Spengler, von Cramon, et al., 2010) or others where their self-
other distinction was experimentally manipulated (Spengler, Brass, et al., 2010). These
studies also found that mentalising ability was positively correlated with the ability to
control imitative responses, supporting the view that mentalising and imitation are
linked. Mentalising impairments have been frequently reported in those with ASC
(Baron-Cohen et al., 1985; Frith, 2001). Several studies have shown that autistic people
have difficulties comprehending stories involving others’ mental states (Jolliffe & Baron-
Cohen, 1999) or describing sequences where animated shapes behave with implied

intentionality (Castelli, 2002).

An intriguing result from Dapretto and colleagues (2006) showed that both

neurotypicals and those with ASC imitate equally well but found differences in the
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associated neural correlates, with ASC participants showing reduced response in the IFG
when compared with neurotypicals. Taken together these studies and reviews suggest
that imitative deficits in autistic people are heterogenous and vary based on both
symptom severity as well as the demands of the task. For our task we expect those with
ASC to imitate their interaction partners with less fidelity when compared with

neurotypicals and exhibit a different pattern of neural activation when doing so.

Finally, we turn to the question of action rationality, which comprises a key step
in the kind of imitation engendered in our task. As noted in Chapter 1 (Section 1.4.2)
observing and reproducing actions involves considering whether the actions
demonstrated are congruent with expectations given the goals and the context. Studies
have shown that violations of expectations are accompanied by activations in the STS
(Greézes et al., 2004; Pelphrey et al., 2003; Saxe et al., 2004) and the MTG (Jastorff et al.,
2011; Marsh, Mullett, et al., 2014), with activation in the latter region found to be positively
correlated with the (ir)rationality of the action. Irrational actions have also been shown to
lead to increased activations in the TPJ] and IPL (Brass et al., 2007; Marsh, Mullett, et al.,
2014; Marsh & Hamilton, 2011; Oliver et al., 2017), while evidence on the mPFC has been
mixed with some studies showing deactivations in the mPFC for irrational actions
(Marsh, Mullett, et al.,, 2014; Marsh & Hamilton, 2011), while others have shown an
increase in activation when viewing irrational actions (Brass et al, 2007; Decety &
Chaminade, 2003). Broadly these regions comprise the action-observation and
mentalising regions of the brain, and several studies have shown that autistic people
exhibit impaired functioning in both action-observation (Iacoboni & Dapretto, 2006;
Ramachandran & Oberman, 2006) and in mentalising (Baron-Cohen et al., 1985; Castelli,
2002; Frith, 2001; Frith & Frith, 2003; Jolliffe & Baron-Cohen, 1999). However, evidence
on whether those with autism interpret action rationality in a manner similar to
neurotypicals is mixed. Some studies have shown that both neurotypical and autistic
children tend to copy rational movements more than irrational movements, suggesting
both groups are able to discriminate between rational and irrational actions equally well,
while others have reported differences in the copying behaviour of autistic children and
adults when compared with neurotypicals (D’Entremont & Yazbek, 2007; Hobson &
Hobson, 2008; Hobson & Lee, 1999). Even the studies showing differences have
demonstrated effects that run in opposite directions: the study by D’Entremont and
Yazbek (2007) showed that neurotypical children only copied the rational movements of
a demonstrator, while children with autism copied both the rational and irrational
movements. However, the studies by Hobson and Hobson (2008) showed that

neurotypicals copied the style of an action used to reach a goal even when the style was
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not relevant to achieving the goal (i.e., the style was an irrational feature), while autistic
people only copied the style of an action when it was relevant to achieving the goal. This
is partially explained by differences between what neurotypicals and those with autism
focus on. A study by Marsh and colleagues (2015) showed both rational and irrational
actions to autistic individuals as well as neurotypicals: they found that those with autism
showed reduced attention to features of the action such as the hand performing the
action; however, in trials where participants with autism did focus on these features, their
performance was similar to the neurotypicals. This suggests that the basic mechanisms
of understanding and interpreting actions are intact in those with autism, but there are
potential impairments in top-down processes that impact where they direct their focus.
In terms of neural correlates, it has been found that both autistic and neurotypical
participants showed activation in the right IPL when viewing irrational actions;
neurotypicals also showed reduced activation in the mPFC, while autistic participants did
not (Marsh & Hamilton, 2011). In line with this evidence, we would expect autistic
participants in our study to encode irrational actions differently in their brains when

compared with neurotypicals.

2.2.2. Current study

As outlined above, this study is focused on four specific questions. First, whether autistic
and neurotypical people identify irrational actions in similar ways; we expect that autistic
participants will encode irrational actions differently to neurotypicals, and be less likely
to show activation in the mentalising networks of the brain in response to viewing
irrational actions. Second, we are interested in whether the two groups encode the effect
of being watched in the same manner; in light of existing research outlined in the
previous section, we expect neural activations of being watched to be different in
neurotypicals and those with ASC. Third, when it comes to behaviour we expect that
imitation in those with autism should be less susceptible to the social availability of their
interaction partner; i.e., we expect that neurotypicals will modify their imitative
behaviour when watched to a greater extent than autistic people. Finally, we expect
neurotypicals to show a greater neural response to being copied, while we expect no

significant effect in those with ASC.

However, it is not a foregone conclusion that there will be differences in behaviour
and in neural correlates. There is a possibility that autistic participants may consciously
or unconsciously behave in ways similar to neurotypicals which may be underpinned by

similar or very different brain mechanismes. If the move to generate the same behaviours
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as neurotypicals is conscious and effortful, it is often called camouflaging (Hull et al,,
2017). However, our task design would not allow us to make strong claims in this regard.
If we did find that neurotypicals and autistic individuals behaved in similar ways with
different underlying brain mechanisms it would suggest that some form of cognitive
compensation is taking place, wherein autistic participants adjust their behaviour to

more closely match what neurotypicals would do.

To test these hypotheses this study is designed based on our dyadic block-moving
task (see Section 2.5.1) and adapted to the constraints of the testing environment and the
population being tested. Similar to the study described in Chapter 4, this study uses fNIRS
to study neural correlates among those with ASC and neurotypicals. In addition to being
safe and economical, {NIRS allows for much freer movement than other similar imaging
technologies such as PET or fMRI (Pinti, Tachtsidis, et al., 2020). In our study design we
are constrained to examining neural correlates on the cortical surface and given our areas
of interest the optodes are centred on the bilateral TP], extending into the bilateral IPL.
This will enable us to examine neural correlates in the MNS as well as the mentalising

network, namely the bilateral TP]J.

5.8. Materials and Methods

J.3.1 Participants

A total of 25 neurotypicals and 26 participants with ASC were recruited using the UCL
Institute of Cognitive Neuroscience’s autism@icn participant database. Seven
participants (three neurotypicals and four with ASC) were excluded from the analysis
based on the exclusion criteria detailed below in Section 4.3.3. We aimed for a sample
size of 20 or more participants in each group and the final analysis was conducted on 22
neurotypicals and 22 participants with ASC. The final sample size was determined by the
availability of participants from the autism@icn database during the testing period. Both
groups were matched on gender, handedness, and on intelligence quotient (IQ) using the
Wechsler Adult Intelligence Scale versions III and IV (WAIS-III, Wechsler, 1997, WAIS-
IV, Wechsler 2008) but differed on AQ (Baron-Cohen et al., 2001). The WAIS-III had
been administered to participants who joined the database in previous years; while newer
participants who joined in 2019 were asked to complete the WAIS-IV. To ensure
comparability across the two scales they were matched on full-scale IQ and verbal 1Q as
outlined in Table 4.1 below. Both groups had high IQ (higher than 80) on average since
the ASC group was high functioning. ASC participants had a diagnosis of Asperger’s

syndrome (11), autism (5), or autism spectrum disorder (6), from an independent clinician.
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The ASC participants were also tested on module 4 of the Autism Diagnostic Observation
Schedule (ADOS-G, Lord et al., 2000, ADOS-2, Lord et al., 2012) by a trained researcher.
11 participants met the ADOS classification for autism, four for autism spectrum, while
seven did not meet the classification for either autism or autism spectrum. However, all
seven had a clear diagnostic history from an independent clinician. As outlined in Table
4.1 the groups were slightly imperfectly matched in age, with the neurotypical group
slightly younger than the ASC group. We were constrained by the availability of
participants who matched on the other criteria and accepted the slight mismatch in age
based on the groups having similar ranges and standard deviations (see Table 5.1). All
participants had normal or corrected-to-normal vision and hearing and had not
participated in this experiment previously. Participants were reimbursed financially and
provided informed written consent prior to participating. All procedures were approved
by the UCL Research Ethics Committee (Approval ID: 5975/003).
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Table 5.1. Comparison of the Neurotypical (NT) and Autism Spectrum Condition

(ASC) groups
ASC (n=22) NT (n = 22) t test

Mean (SD) Range Mean (SD) Range Vajl)ue
Age (years) 33.8 (6.2) 21-45 30.2 (5.9) 19-39 0.06
Fullscale IQ 115 (13.9) 81-138 112.3 (14.4) 89-133 0.54
Verbal IQ 115.5 (14.7) 92-153 114.5 (12.3) 83-132 0.81
Autism Quotient (AQ) 32.2 (10.9) 10-47 16.1(7.2) 7-33 0.00
ADOS: total 9 (4.8) 1-17
ADOS: communication 2.6 (1.6) 0-6
ADOS: social interaction 6.3 (3.1) 0-13
Gender 5F; 17M 6F;16 M
Handedness 1L;21 R 2L;20R

3.3.2. Procedure

When participants arrived for the experiment, they were told they would be
participating in a team challenge with another participant who was a student at UCL. The
participant was introduced to Experimenter A who was conducting the study, and
Experimenter B who was operating the fNIRS equipment. The confederate arrived after
the participant and introduced herself to the experimenters and the participant, to create
the illusion that she was unknown to the experimenters. Experimenter A then asked both
the participant and the confederate some demographic information (including how to
spell their name and their age) and initiated some conversation on what they were
studying or how their commute into the lab was today. Experimenter A then explained
that the confederate was assigned the role of the Leader, and the participant that of the
Follower. She then explained that the study was designed to look at how information is
lost when transmitted from the computer to the Leader, and the Leader to the Follower
(a fiction designed to distract participants from the true purpose of the study). The Leader
was told they would have to move blocks in an order demonstrated by the computer, and
the Follower was told they would have to move the blocks in an order demonstrated by
the Leader. They were asked to select a team name together and told that they would be
competing against other teams over the duration of the study. The participants were
informed that their score for each trial would depend on how quickly and accurately they
moved the blocks from one board to another. Prior to the experiment commencing,
participants were fitted with equipment to measure physiological signals, track motion,
and record neural signals. These are described in detail below in the sections on data

acquisition.
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Figure 5.1. An overview of the experimental setup. Figure shows the lab with the
functional near-infrared spectroscopy (fNIRS) equipment. The Experimenter
remained behind a curtain throughout the experiment. The Leader was a trained
confederate while the Follower was a neurotypical or ASC participant. The Follower’s
brain activity was measured using the fNIRS equipment bilaterally centred on the
temporal-parietal junction in each hemisphere. In addition to a magnetic motion
tracker, a webcam was also used to capture the social interaction. Followers also wore a
belt tracking heart rate, breathing rate and galvanic skin response.

Main and Switch trials

At the start of each trial in the Main phase the Follower was instructed (via a
computerised voice command) to close their eyes. The Leader (the trained confederate)
was told which three blocks to move, and in what order, as well as whether they should
be moved with a baseline or exaggerated trajectory. The Follower was then asked to open
their eyes, and the Leader demonstrated by moving the blocks in a specified order, with
either a baseline trajectory or an exaggerated trajectory. After moving, the Leader then
covered their two boards (using two cloths) and pressed the button to move the trial
forward. The Follower then had to move their blocks in the same order from one board
to another. During the Follower’s turn in half the trials the Leader was allowed to watch
them, and they were allowed to speak to each other. In the other half of the trials, during
the Follower’s turn, the Leader was told to close their eyes. After the Follower finished
their move, the Leader then uncovered their boards. The Leader and the Follower then
rearranged blocks in case there were any errors (for example, if the Follower had moved

the wrong block over). After this “rearrange” phase, the team received a score for one trial
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based on their speed and accuracy (measured by how long the rearranging took) before
moving on to the next trial. The Main trials thus had a 2x2 factorial design with two
different trajectories (baseline and exaggerated) and whether the Leader had their eyes
open or closed during the Follower’s turn (Watched and Unwatched). The four conditions
were repeated four times over the 16 experimental trials, with trajectories presented in a
randomised order. The Watched and Unwatched trials occurred in blocks of four trials;

the initial block was randomised.

After sixteen trials in the Main phase, participants were told they would switch
roles. The Follower was then informed of the baseline and exaggerated trajectories and
was explicitly told to imitate the trajectory demonstrated by the computer when showing
the Leader which blocks the move. Each of these Switch trials began with the Leader now
being asked to close their eyes, and the Follower being told which blocks to move and
what trajectory to use (baseline or exaggerated) when moving. The Leader then opened
their eyes, and the Follower demonstrated the block movement. The Follower then
covered their boards. During the Leader’s turn the Follower always watched them move
the blocks. The Leader was secretly instructed to copy the Follower’s trajectory or not
copy the Follower’s trajectory. As before, this was followed by a rearrange phase to correct
for any mistakes and to generate a score for that trial. The Switch trials thus had a 2x2
factorial design with two different trajectories (baseline and exaggerated) and whether the
Leader copied the Follower or not (Copy / Not Copy). The four conditions were repeated
twice over the 8 experimental trials, with trajectories presented in a randomised order.
The Copy and Not Copy trials occurred in blocks of four trials; the initial block was

randomised.
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Figure 5.2. Timeline of Main trials (A) and Switch trials (B).Figure shows the Leader

and Follower roles in the Main and Switch trials along with typical length of each stage
in seconds.

As noted in Section 5.3.1 participants also completed an AQ questionnaire (Baron-
Cohen et al.,, 2001) and intelligence tests (WAIS-III, Wechsler, 1997, WAIS-IV, Wechsler
2008). Participants with ASC were also tested on module 4 of the Autism Diagnostic
Observation Schedule (ADOS-G, Lord et al., 2000, ADOS-2, Lord et al., 2012) by a trained
researcher. These questionnaires were administered at a separate time and not in

conjunction with the experiment itself.

J.3.8. Behavioural analysis

The main parameter used to evaluate imitative behaviour was the height reached by the
Follower in each trial. The confederate was trained to reach a uniformly high peak height
for the exaggerated condition and a uniformly low peak height for the baseline condition.
Based on this, if the Follower reached a high peak height in a trial where an exaggerated
trajectory had been demonstrated, this suggests that the Follower imitated the

exaggerated trajectory. Given that each trial involved moving three blocks, in our view
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peak height is the most salient measure of the fidelity with which a movement trajectory
was copied. The peak height was then used to evaluate imitative fidelity across the
Watched and Unwatched trials. The peak height was also measured in the Switch trials to
ensure the Follower understood the principle of exaggerated and baseline trajectories and

showed a difference in the heights they reached for each trial type.

Behavioural exclusion criteria

Dyads were excluded for the following reasons:

(1) Data was not recorded owing to equipment failure or failure in the task
software;

(i1) The Follower specifically asked the Leader about the trajectories they were
demonstrating in the Main trials;

(iii)  The Follower failed to follow instructions to close their eyes at various points
in the trial;

(iv)  In the Switch trials if Followers failed to move higher in the trials where they
were asked to demonstrate an exaggerated trajectory when compared with

trials where they were asked to demonstrate a baseline trajectory.

Out of the 51 participants who were tested, seven participants had to be excluded
(all for failing criteria iv), leaving 44 participants for whom the behavioural data could be

analysed.

J.34. Acquisition and analysis of physiological signals

Prior to the experiment commencing, Followers were asked to wear a device that allowed
us to record physiological signals (heart rate, breathing rate and galvanic skin response).
Since this belt was required to be worn under their clothes (and would necessitate them
changing in privacy) participants were offered an option of not wearing the belt if they
felt uncomfortable doing so. Participants who agreed to wear the belt were then measured
and fitted with a suite of equipment based around the Equivital Belt (ADInstruments,
Dunedin, New Zealand). This recorded both heart rate and breathing rate. The heart rate
is measured using three electrodes placed in contact with the skin after being moistened,
and the signal is measured at 256Hz. The breathing rate was measured based on the
expansion of the belt, and the signal is measured at 25.6Hz. In addition, the galvanic skin
response was measured using a wrist-mounted auxillary device, which uses two

electrodes placed on the middle and index fingers of the non-dominant hand. The signal
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is recorded at 12.8Hz. The belt includes a sensor electronics module (SEM) that stores all
three signals and is synchronised with the experimental computer at the start of each
experiment. The physiological data was synchronised with the fNIRS data and processed
using MATLAB®. The processed data was then synchronised with the trials and for each

trial a mean signal was generated by averaging the signal throughout the trial.
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Figure 5.3. The Equivital Belt system with the Sensor Electronics Module.

2.8.5. fNIRS data acquisition

Neural signals were acquired using the LABNIRS system (Shimadzu Corporation,
Kyoto, Japan). The LABNIRS system uses multiple wavelengths (780/805/830nm) at a
sampling frequency of 7.4Hz. At the analysis stage this was downsampled to 1Hz to reduce
temporal autocorrelation. A spandex cap fitted with a rigid probe holder was used to hold
the probes, allowing us to fit participants with varying head sizes, while keeping a source-
detector distance of 3cm. For each participant we measured the distance from the nasion
to the inion and marked the centre point of this. Similarly, the centre point was marked
between the left and right auricular points. Taken together this allowed us to locate the

mid-point of the head, and line the cap up appropriately.
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Figure 5.4. Optode Configuration. A. Diagram showing the positions of light sources
(red), detectors (blue) and the 44 channels created by the 80 probes. B. Locations of the
44 channels on the left and right hemisphere for each participant.

[NIRS optode localisation

The location of each optode and five canonical head locations (inion, nasion, right
preauricular, left preauricular and vertex) were recorded for each participant using the
Polhemus Liberty (Colchester Vermont) magnetic motion tracker. Here, the metallic
stylus was used to mark the specific points in a magnetic field relative to the origin,
enabling us to digitise the positioning of each optode. This was done for each participant
once the cap was positioned; however, if after three attempts we were not successful
(typically owing to magnetic interference in the testing environment) in capturing the

positions the digitization was skipped and a reference digitization was used.

The channel locations for each participant were averaged to generate canonical
channel locations for all valid participants, and the corresponding MNI coordinates
(Mazziotta et al., 2001) for each channel were obtained using the NIRS-SPM software (Ye
etal.,, 2009) with MATLAB® and the corresponding anatomical locations of each channel
were derived from the included atlas (Rorden & Brett, 2000). Table 4.2 lists the MNI
coordinates, the anatomical regions, Brodmann Areas (BA) and the probability that each
region is included in the channel. Only regions with a probability greater than 0.05 are

included in the table below.
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Table 5.2 Channel coordinates and anatomical regions. Channels are listed below
alongside their Montreal Neurological Institute (MNI) coordinates (Mazziotta et al.,
2001). The corresponding anatomical region labels are obtained from the NIRS-SPM
software (Ye et al., 2009) based on the included atlas (Rorden & Brett, 2000). Alongside
each anatomical region the corresponding Brodmann Area (BA) and the probability
that this region is included in the channel are shown.

MNI coordinates Probability
Channel of
number X Y V4 Anatomical region BA inclusion
1 48.3 -66.9 49.3 Angular gyrus, part of Wernicke's area 39 0.85
1 Somatosensory Association Cortex 7 0.13
Supramarginal gyrus part of Wernicke's
2 60.5 -44.7 50.3 area 40 1.00
3 634 -234 48.8 Primary Somatosensory Cortex 1 0.55
3 Primary Somatosensory Cortex 3 0.21
Supramarginal gyrus part of Wernicke's
3 area 40 0.12
3 Primary Somatosensory Cortex 2 0.06
3 Primary Motor Cortex 4 0.06
Pre-motor and Supplementary Motor
4 59.0 1.0 453 cortex 6 0.80
4 Primary Motor Cortex 4 0.18
5 376 -84.2 3864 V3 19 0.93
5 Angular gyrus, part of Wernicke's area 39 0.05
6 56.2 -65.1 38.3 Angular gyrus, part of Wernicke's area 39 1.00
Supramarginal gyrus part of Wernicke's
7 65.7 -41.9 40.8 area 40 0.98
8 67.5 -19.3 38.8 Primary Somatosensory Cortex 1 0.44
8 Primary Somatosensory Cortex 2 0.40
8 Subcentral area 43 0.09
8 Primary Somatosensory Cortex 3 0.07
Pre-motor and Supplementary Motor
9 62.6 45 36.1 cortex 6 0.67
9 Primary Motor Cortex 4 0.16
9 Subcentral area 43 0.12
9 pars opercularis, part of Broca's area 44 0.05
10 46.5 -832 23.0 V3 19 0.74
10 Angular gyrus, part of Wernicke's area 39 0.26
11 6l.5 -614 27.0 Angular gyrus, part of Wernicke's area 39 0.60
11 Superior Temporal Gyrus 22 0.35
Supramarginal gyrus part of Wernicke's
12 69.0 -39.0 292 area 40 0.50
12 Superior Temporal Gyrus 22 0.23
12 Retrosubicular area 48 0.22
12 Primary Somatosensory Cortex 2 0.06
13 69.3 -14.7 297 Subcentral area 43 0.49
13 Primary Somatosensory Cortex 2 040
13 Primary Somatosensory Cortex 1 0.10
14 35.83 -96.8 6.2 Visual Association Cortex (V2) 18 0.70
14 Primary Visual Cortex (V1) 17 0.26
15 539 -774 104 V3 19 0.66
15 Fusiform gyrus 37 0.22
15 Angular gyrus, part of Wernicke's area 39 0.12
16 67.0 -539 13.6 Superior Temporal Gyrus 22 0.35
16 Middle Temporal gyrus 21 0.34
16 Fusiform gyrus 37 0.31
17 71.6  -31.3 13.8 Superior Temporal Gyrus 22 0.89
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MNI coordinates

Probability

Channel of
number X Y 4 Anatomical region BA inclusion
18 69.4 -6.7 17.0  Subcentral area 43 0.60
18 Superior Temporal Gyrus 22 0.31
18 Retrosubicular area 48 0.08
19 44.6 -89.4 -51 V3 19 0.61
19 Visual Association Cortex (V2) 18 0.39
20 59.8 -68.2 -2.1  Fusiform gyrus 37 0.90
20 V3 19 0.10
21 70.7 -45.6 -0.2 Middle Temporal gyrus 21 043
21 Superior Temporal Gyrus 22 0.26
21 Fusiform gyrus 37 0.18
21 Inferior Temporal gyrus 20 0.14
22 72.6 -22.9 -0.8 Middle Temporal gyrus 21 0.71
22 Superior Temporal Gyrus 22 0.29
Pre-motor and Supplementary Motor
23 -55.0 1.8 46.3 cortex 6 0.87
23 Primary Motor Cortex 4 0.11
24 -60.5 -23.0 487 Primary Somatosensory Cortex 3 0.40
24 Primary Somatosensory Cortex 1 0.30
24 Primary Somatosensory Cortex 2 0.17
24 Primary Motor Cortex 4 0.07
Supramarginal gyrus part of Wernicke's
24 area 40 0.07
Supramarginal gyrus part of Wernicke's
25 -58.6 -46.6 49.3 area 40 0.99
26 -47.8 -68.6  48.2 Angular gyrus, part of Wernicke's area 39 0.90
26 Somatosensory Association Cortex 7 0.08
Pre-motor and Supplementary Motor
27 -59.0 6.6 355 cortex 6 0.68
27 pars opercularis, part of Broca's area 44 0.18
27 Primary Motor Cortex 4 0.11
28 -64.6 -18.2 39.1 Primary Somatosensory Cortex 1 0.38
28 Primary Somatosensory Cortex 2 0.33
28 Primary Somatosensory Cortex 3 0.17
28 Subcentral area 43 0.13
Supramarginal gyrus part of Wernicke's
29 -64.3 -42.8 39.3 area 40 0.92
29 Retrosubicular area 48 0.08
30 -56.0 -66.0 36.6 Angular gyrus, part of Wernicke's area 39 1.00
31 -89.2 -85 3838 V3 19 0.92
31 Angular gyrus, part of Wernicke's area 39 0.08
32 -67.2  -14.7 279 Subcentral area 43 0.48
32 Primary Somatosensory Cortex 2 0.31
32 Retrosubicular area 48 0.11
32 Primary Somatosensory Cortex 1 0.07
33 -674 -39.5 27.5 Retrosubicular area 48 0.34
33 Superior Temporal Gyrus 22 0.31
Supramarginal gyrus part of Wernicke's
33 area 40 0.28
33 Primary Somatosensory Cortex 2 0.06
34 -61.6 -60.7 24.8 Angular gyrus, part of Wernicke's area 39 0.50
34 Superior Temporal Gyrus 22 0.31
34 Fusiform gyrus 37 0.08
34 Middle Temporal gyrus 21 0.06
35 -47.5 -833 224 V3 19 0.77
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MNI coordinates Probability

Channel of
number X Y 4 Anatomical region BA inclusion
35 Angular gyrus, part of Wernicke's area 39 0.23
36 -66.6 -6.9 14.3  Subcentral area 43 041
36 Superior Temporal Gyrus 22 0.40
36 Retrosubicular area 48 0.18
37 -69.3 -312 122 Superior Temporal Gyrus 22 0.85
37 Middle Temporal gyrus 21 0.06
Primary and Auditory Association
37 Cortex 42 0.06
38 -66.1 -54.2 10.9 Fusiform gyrus 37 0.38
38 Middle Temporal gyrus 21 0.37
38 Superior Temporal Gyrus 22 0.26
39 -54.8 -76.4 7.7 V3 19 0.68
39 Fusiform gyrus 37 0.29
40 -871 -96.1 4.9 Visual Association Cortex (V2) 18 0.85
40 Primary Visual Cortex (V1) 17 0.11
40 V3 19 0.05
41 -704  -23.7 -5.7 Middle Temporal gyrus 21 0.94
41 Superior Temporal Gyrus 22 0.06
42 -68.6 -46.1 -3.0 Middle Temporal gyrus 21 041
42 Fusiform gyrus 37 0.24
42 Inferior Temporal gyrus 20 0.24
42 Superior Temporal Gyrus 22 0.11
43 -59.7 -67.7 -3.8 Fusiform gyrus 37 0.95
43 V3 19 0.05
44 -451 -885 -63 V3 19 0.78
44 Visual Association Cortex (V2) 18 0.22

J3.3.6. fNIRS analysis

The raw light intensity data from the LABNIRS system for all three wavelengths was
converted to concentration changes of HbO, HbR and total-Hb by the modified Beer-
Lambert law using custom MATLAB® scripts and the preprocessing of data was done in
HomER (Huppert et al., 2009). In line with the recommendations made by Pinti et al.
(2019) we applied a bandpass filter (0.01 Hz to 0.3 Hz) to denoise the data.

[NIRS exclusion criteria

The data for each of the 44 channels across 44 valid participants was examined as follows.
First, we visually inspected the Power Spectral Density (PSD) for each participant at each
channel to look for a peak between 1-2Hz corresponding to the heartbeat oscillation. A
lack of a heartbeat oscillation could suggest that the coupling between the optode and the
scalp was poor. Second, the raw intensity data was inspected for saturation and artefacts.
Third, the HbO and HbR signals were inspected to see if they were positively correlated
(the signals should be negatively correlated with HbR having a much smaller magnitude

than HbO). Based on these criteria individual channels were excluded. If any participant
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had more than 50% of the channels in one hemisphere excluded, that hemisphere alone
was excluded from the analysis. A total of six participants were excluded entirely, largely
owing to them having very thick hair or fixed hairstyles which prevented optimal optode-

skin coupling.

In the initial stage of the experiment, we used a slightly different configuration for
the optodes, including the PFC and two 3x4 arrays of optodes over the bilateral TP]J.
However, two out of the three participants who had this configuration were unable to
complete the experiment due to discomfort in the forehead. We therefore dropped the
PFC and used a configuration involving two 3x5 arrays as described above. These three
participants were also excluded from the fNIRS analysis, bring the total number of

participants whose neural signals were analysed to 35.

Channel thresholding

Since we had digitised the optode locations for participants wherever possible we
were able to plot the actual positions of the channels for all participants as well as the
canonical average channel centres. This is shown below in Figure 5.5A. The average
distance between the canonical channel centres was 20.8mm. Based on this, we set a
threshold of 10mm and excluded any channels that were more than 10mm away from
their corresponding channel centre. Out of 1,284 valid channels available for analysis, 909

channels survived this thresholding (Figure 5.5 B.) and these are analysed below.
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Figure 5.5. Channel Thresholding. A. Figure shows the canonical channel location
(black) for each channel as well as the recorded position of that channel for each
participant, in a different colour for each channel. B. Figure shows the channels that are
more than 10mm away from the canonical channel location excluded (those with only
the outline visible).

First-level analysis

The first-level GLM analysis was performed using the fNIRS toolbox in SPMI12 (Friston
et al,, 1994; Tak et al,, 2016) implemented in MATLAB®. For this analysis, the HbO and
HbR data were combined using the correlation-based signal improvement method (Cui
et al., 2010), or CBSI, to generate a corrected activation signal. This is a noise-reduction
algorithm that is built on maintaining the negative correlation between HbO and HbR
and this combined CBSI signal is used in the remainder of this analysis. The data was
recorded and analysed as two separate runs with the main trials analysed using a separate

design matrix to the switch trials.
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Table 5.3. Contrasts. The structure of the design matrix is shown below for the Main
trials (A) and the Switch trials (B). The five contrasts of interest are highlighted showing
how they are constructed, with +1 over each relevant column for forward contrasts, and
a -1 over the relevant columns for reverse contrasts.

A. Main Trials
Phases of Main trials modelled in design matrix
8 -
§ Leader Action Follower Action s §
=2 Watched Unwatched £ g £
Main Trials = Base Exag Cover Base Exag Base Exag g & &
Watching Leader performirrational 1 1
actions
Performing actions when watched vs
1 1 1 1
unwatched
C3 Respondingto anirrational action -1 1 -1 1
B. Switch Trials
Phases of Switch trials modelled in design matrix
8 -
k9] Follower Action Leader Action = &
=] - ()] n
=2 Base Exag 5 5 g
Switch Trials = Base Exag Cover Copy NotCopy Copy NotCopy @& & &
C4 Explicitdemand for irrational action Al 1
C5 Beingimitated vs not being imitated 1 -1 1 -1

The design matrix for the Follower in the Main trials included two regressors for
the Leader’s action (Baseline and Exaggerated), and four regressors for the Follower’s
action depending on whether it was Watched or Unwatched, and whether it occurred
after a Baseline demonstration or an Exaggerated demonstration by the Leader.
Additional regressors for the instruction, cover, rearrange, score and constant phases of
each trial were also included. Contrast 1 (Cl) thus evaluates activation in the Follower
when the Leader demonstrated an Exaggerated trajectory when compared with a
Baseline trajectory. C2 meanwhile calculates activation when the Follower was watched
by the Leader during their turn versus when the Follower was not watched by the Leader.
Finally, C3 evaluates the Follower’s activation during their own turn right after watching
the Leader make an Exaggerated demonstration versus having watched the Leader make
a Baseline demonstration. While C1 measures activation when watching an irrational
action, C3 measures activation when responding to an irrational action (whether that is

by copying an irrational action or ignoring it and performing a rational action instead).

When it comes to the Switch trials, the Follower design matrix included two
regressors for the Follower’s action (Baseline and Exaggerated), as well as four regressors
for the Leader’s action depending on whether the Leader’s action followed a Baseline or
Exaggerated demonstration by the Follower, and whether the Leader responded by

copying or not copying the Follower’s trajectory. Additional regressors were also
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included for the instruct, cover, rearrange, score and constant phases. Using these
regressors C4 calculates activation in the Follower when they are asked to make an
exaggerated movement when compared with a baseline movement. C5 seeks to measure
activation in the Follower when they are copied by the Leader versus when the Leader

fails to copy their trajectory.

Both sets of analyses of the Main and the Switch trials were performed at the

individual level before being combined at the group level as outlined below.

Group-level analysis

T-tests were conducted on the individual parameter values (g values) for each contrast in
each valid channel separately for the neurotypical (NT) and the ASC groups. A t-test was
also conducted to look for group differences between the two groups for each contrast.
We used the individual channels as a unit of analysis given the high likelihood of false
positive findings given multiple voxel comparisons (Hirsch et al., 2017). Given the limited
number of planned comparisons and the relatively small sample size, the uncorrected p-
values are presented below. However, where two or more adjacent channels show a
significant effect for p<0.05 we consider this as a corrected significant result (Pinti,
Tachtsidis, et al., 2020; Southgate et al., 2014).

5.4. Results

J.4.1. Follower height

We ran a two-way mixed ANOVA to compare the effect of being watched, and the
trajectory demonstrated (baseline or exaggerated) on the height performed by the
Follower in both the NT and ASC groups. We found a significant effect of being watched
on the height performed by the Follower [F(1,42) = 7.29, p = 0.01]. We found no main

effect of trajectory or group, and no significant two- or three-way interaction effects.
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Table 5.4. Two-way Mixed ANOVA of Follower Height.
Tests of Within-Subjects Contrasts

Source df F Sig.
Watch_UnW 1 7.291 0.010
Watch_UnW * Group 1 0.089 0.767
Error(Watch_UnW) 42

Base Exag 1 0.266  0.609
Base_ Exag * Group 1 1.017 0.319
Error(Base_Exag) 42

Watch_UnW * Base Exag 1 1.550 0.220
Watch_UnW * Base Exag * Group 1 0.025 0.874
Error(Watch_UnW*Base Exag) 42

Tests of Between-Subjects Effects

Source df F Sig.
Intercept 1 2967.865 0.000
Group 1 0.282  0.598
Error 42

Subsequent paired-sample t-tests showed that participants in both NT and ASC
groups reached a greater height in the Watched trials with Exaggerated trajectory than in
the Unwatched trials with Exaggerated trajectory [NT: t(21) = 2.32, p = 0.03; ASC: t(21) =
2.86, p = 0.009]. This suggests that participants in both the NT and ASC groups moved
with a higher trajectory in the Exaggerated trials when being watched when compared

with not being watched.
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Figure 5.6. Two-way mixed ANOVA of Follower Height. This shows the height
reached by the Followers in both NT and ASC groups in the Baseline and Exaggerated
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trajectory conditions, when being watched and unwatched. Paired-sample t-tests
showecase the sources of significant differences in heights. * p < 0.05; ** p < 0.01.

J.4.2. Other behavioural and physiological signals

In addition to looking at the height reached by Followers we also looked at the Time taken
per trial, and the three physiological signals recorded by the Equivital belt, namely heart
rate, breathing rate, and galvanic skin response. In each case, we conducted a two-way
mixed ANOVA to compare the effect of trajectory, and being Watched or Unwatched on
the dependent variable, in both NT and ASC groups. These results are presented in detail

below.

Time taken by the Follower

There was a significant main effect of being Watched on the time taken by the Follower
[F(1,42) =17.72, p < 0.001]. There was no main effect of Group, or of Trajectory. There was
a significant interaction effect between being Watched or Unwatched and Group [F(1,42)
= 6.97, p = 0.012]. A paired sample t-test showed that there was a difference in the Time
taken for the ASC group to move in the Watched and Unwatched conditions [M-Watched
=22.02, SD =7.06, M-Unwatched = 17.26, SD = 5.26; t(21) = 4.22, p < 0.001].

These results suggest that participants with ASC moved more slowly in the
Watched condition. Although motor control difficulties do not form part of the
diagnostic criteria for autism, motor control difficulties have been shown to be prevalent
in those with ASC (Licari et al., 2020). We would expect in this situation that we should
find a main effect of Group, rather than an interaction effect. However, if ASC
participants tended to make high movements only in the Watched condition (when they
copied Leaders), then this may explain why their movements were slower in the Watched
condition. An alternate explanation could be that in the Watched condition participants
had more conversations with the Leader and this lengthened trial times. We manually
coded the videos of each trial to evaluate the amount of conversation between the Leader
and the Follower during the Follower’s turn. This was coded on a scale ranging from 1 for
no conversation, to 5 where both the Leader and the Follower spoke sentences longer
than two words to each other during the Follower’s turn. A Pearson’s product-moment
correlation coefficient was calculated to assess the relationship between the time taken
by the Follower and the amount of conversation. This showed that for both NT and ASC
Followers there was a positive correlation between the time taken per trial and the overall
conversation [r(NT) = 0.396, p<0.001; r(ASC) = 0.604, p<0.001]. This suggests that the
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amount of conversation is a likely explanation for why trials took longer in the Watched

condition when compared with the Unwatched condition.
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Figure 5.7. Two-way mixed ANOVA of Time taken by Follower. This shows the time
taken by both NT and ASC groups in the Watched and Unwatched conditions.

Heart rate

We found no significant main or interaction effects of the independent variables on the

heart rate of subjects.

Breathing rate

There was a significant main effect of being Watched on the Breathing rate of the
Follower [F(1,17) = 4.92, p = 0.041]. There was no main effect of Group, or of Trajectory.
There were no significant two-way interactions between the independent variables, but
there was a significant three-way interaction effect between being Watched, Trajectory
and Group [F(1,17) = 6.28, p = 0.023]. Detailed pair-wise comparisons show that both
groups breathe faster in the Unwatched condition over the Watched condition, but this
increase occurred in the Baseline trials for NT participants, and in the Exaggerated trials
for the ASC participants. Speech patterns are once again a likely cause for the difference

in breathing rates since participants are likely to breathe more rapidly when not speaking.

Again, a Pearson’s product-moment correlation coefficient was calculated to
assess the relationship between Follower breathing rate and the amount the Follower

spoke during their turn (coded manually from the video). For the NT group we found no
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significant correlation, but for the ASC group we found a negative correlation between
breathing rate and the amount of Follower conversation [r(ASC) = -0.223, p = 0.003]
which supports our view that breathing rate was lower when the Follower was speaking

more.
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Figure 5.8. Two-way mixed ANOVA of Follower Breathing rate. This shows the
breathing rate of both NT and ASC groups in the Baseline and Exaggerated conditions.

Galvanic skin response

There was no significant main effect of Group, Trajectory, or being Watched on the
galvanic skin response of the Follower. There was a two-way interaction effect between
being Watched and trajectory [F(1,27) = 5.62, p = 0.03]. There was no three-way

interaction effect.
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Table 5.5. Two-way Mixed ANOVA of Follower Galvanic Skin Response.
Tests of Within-Subjects Contrasts

Source df F Sig.
Watch_UnW 1 0.59 0.449
Watch_UnW * Group 1 3.33 0.079
Error(Watch_UnW) 27

Base Exag 1 0.79 0.382
Base_ Exag * Group 1 1.78 0.193
Error(Base_Exag) 27

Watch_UnW * Base Exag 1 562 0.025
Watch_UnW * Base_Exag * Group 1 0.23 0.637
Error(Watch_UnW*Base Exag) 27

Tests of Between-Subjects Effects

Source df F Sig.
Intercept 1 103.53  0.000
Group 1 249 0.126
Error 27

Despite the two-way interaction, however, detailed pair-wise t-tests do not offer
any support for a difference in galvanic skin response between conditions. A paired-
sample t-test of the galvanic skin response in the watched and unwatched condition for
baseline trials [t(28) = 0.73, p = 0.47] and for exaggerated trials [t(28) = -0.172, p = 0.10]
showed no statistical significance. Perhaps with a larger sample size in future studies this
would be worthy of exploring further. At present there is no support here for a difference

in arousal between conditions.
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Figure 5.9. Two-way mixed ANOVA of Follower Galvanic skin response. This shows
the galvanic skin response of both NT and ASC groups in the Baseline and Exaggerated

conditions.



3.4.83. Neural correlates

We now turn to the various neural correlates analysed in this study, namely the five

contrasts of interest highlighted in Table 5.3. These are also summarised below in Table

5.6.
Table 5.6. Summary of Neural activations for key contrasts of interest. Blue refers to
channels that were statistically significant for the NT group, orange is for channels that
were statistically significant for the ASC group. Channels that showed group similarity
(i.e., channels that were significant for both groups combined) are shown with a green
background.  Significant channels which survive the correction for multiple
comparisons by virtue of having two or more adjacent channels with an uncorrected
p<0.05 are highlighted in bold. The most likely anatomical region is included in this
table; for full details please refer to Table 5.2.
C1:Watching C2:Performing
Leader perform actionswhen C3:Responding  C4:Explicit C5:Being
irrational watched vs to anirrational demand for imitated vs not
Channel actions unwatched action irrational action beingimitated
number Anatomical region T pluncorr) T pluncorr) T pluncorr) T pluncorr) T p(uncorr)
2 RightInferior Parietal 229 0.03 -2.47 0.04
Lobule
3 RightInferior Parietal 2.69 0.01
Lobule
5 RightInferior Parietal 278 0.02
Lobule
7 RightInferior Parietal 3.93 0.00
Lobule
16 Right Temporal Lobe 2.19 0.05
18 Right Temporal Lobe -4.55 0.00
21 Right Temporal Lobe -2.06 0.05
24 Left Parietal Lobe -4.07 0.00
-4.87 0.00
25 LeftInferior Parietal Lobule 217 0.04
26 LeftInferior Parietal Lobule 264 0.02
28 Left Parietal Lobe 3.81 0.01
31 LeftInferior Parietal Lobule 295 0.02
37 Left Temporal Lobe 2.93 0.01
39 LeftInferior Parietal Lobule 269 0.02
41 Left Temporal Lobe 2.71 0.04
44 Left Occipital Lobe -2.73 0.02

Given the large number of contrasts and the exploratory nature of this study, we will

focus on discussing only the results that survive the correction for multiple comparisons

in the discussion section. The other results will be briefly discussed in the results section

alongside the reporting of the results for that contrast. The significant results that will be

reviewed in detail in the discussion section include C2 and C3 in the table above.
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C1: Watching Leader perform irrational actions

Here the neural activation when the Follower was watching the Leader make Exaggerated
movements was contrasted with the activation when the Follower was watching the
Leader make Baseline movements. We found suppression in channel 39 (IPL/V3) for
exaggerated actions vs base actions in the NT group, and activation in channel 28
(primary somatosensory cortex) for exaggerated actions vs baseline actions in the ASC
group. We also found group differences between the NT and ASC groups in channel 89.
This suggests that the irrational action (an exaggerated trajectory) is processed differently
in NT and ASC groups, perhaps with the ASC group more focused on integrating sensory

input in preparation for making a motor response (Borich et al., 2015).

Previous studies among neurotypicals have shown activation in the TP] and the
IPL when watching irrational actions (Brass et al., 2007, 2009; Marsh, Mullett, et al., 2014;
Marsh & Hamilton, 2011; Saxe et al., 2004), although many of these studies have identified
the activation in the right hemisphere rather than the left as we found. When it comes to
those with ASC the question of whether they are equally able to distinguish rational from
irrational actions remains unanswered. While some studies have shown that children with
ASC perform as well as TD children in distinguishing rational and irrational actions
(Hamilton et al., 2007), others have highlighted impairment (D’Entremont & Yazbek,
2007). Marsh and Hamilton (2011) found that viewing irrational actions led to different
patterns of activation among NTs and those with ASC. In our previous study (Chapter 4)
we found significant activation in the right IPL. amongst Followers when viewing the
Leader making irrational movements. While we find a similar pattern of activation in this

study in the right IPL amongst neurotypicals, none of these channels reach significance.

Given the different neural activation patterns seen in the NT and ASC groups, it
could suggest that the ASC participants may not be identifying the exaggerated trajectory
as irrational. However, if this were true and they were merely copying the higher
trajectories throughout then we should not see the difference in the heights performed
by ASC participants between the watched and unwatched conditions. Instead we found
ASC participants also made exaggerated trajectories in response to exaggerated
demonstrations to a greater extent in the watched condition rather than the unwatched
condition. This suggests that both NT and ASC participants identified the exaggerated
trajectories as irrational, and responded by copying them to a greater extent in the

watched condition rather than the unwatched condition.
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Group similarities Meurotypicals ASC Participants

O Significantin ane group: Channel with an uncorrected p value < Q.05 for one group
(:) Groupsimilarity; Channelwith anuncorrected p value < 0.05 for both groups combined

e Channels with group differences measured via t-test of Beta values

Figure 5.10. Channel-wise activation in Follower in Main phase when watching
Leader perform exaggerated irrational actions vs baseline rational actions. The T-
values for the specified contrast are plotted at the channel locations on the canonical
brain. Channels with an uncorrected p-value of p<0.05 in any group are highlighted
with a red circle. Channels with an overall uncorrected p-value of p<0.05 in both groups
combines are highlighted with an orange circle. Channels where there is a statistically
significant group difference (uncorrected p-value p<0.05) between the NT and ASC
groups are highlighted with an asterisk.

C2: Being watched

The Follower’s neural activation when being watched by the Leader was contrasted with
the activation when the Leader was not watching them on their turn. Both NT and ASC
participants (when analysed together) showed suppression in and around the bilateral
inferior parietal lobule (IPL) namely in channels 2, 3, and 26. In ASC participants this
suppression extended deeper into the right IPL (channel 7), while NT participants showed
an extension of this suppression in the left hemisphere (channel 31) extending into V3,
adjoining the left IPL. This is similar to the suppression in right IPL and right TP] seen
when being watched as opposed to not being watched in our previous study (see Section
4.4.5). Another key result in this contrast is the strong activation seen in ASC participants
around the left STS, namely channels 87 and 41. Channel 37 also showed group
differences, suggesting that this activation is specific to how ASC participants reacted to
being watched. Statistically significant activations in two adjacent channels are
considered corrected for multiple comparisons (Pinti, Tachtsidis, et al., 2020; Southgate
et al., 2014). As a robust result, this is reviewed in detail in the discussion section that

follows.
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A. Channel-wise activations
Group similarities Neurotypicals ASC Participants

O Significantinone group: Channel with an uncorrected p value < 0,05 for one group
O Group similarity: Channel with an uncorrected pvalue < 0.05 for both groups combined
0 Channelswith group differences measured via t-test of Beta values

B. Beta values for individual channels of interest
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Figure 5.11. Channel-wise activation in Follower in Main phase when being Watched
vs when not being Watched. The T-values for the specified contrast are plotted at the
channel locations on the canonical brain. Channels with an uncorrected p-value of
p<0.05 in any group are highlighted with a red circle. Channels with an overall
uncorrected p-value of p<0.05 in both groups combines are highlighted with an orange
circle. Channels where there is a statistically significant group difference (uncorrected
p-value p<0.05) between the NT and ASC groups are highlighted with an asterisk.
Channels 2,3 and channels 37,41 are pairs of two adjacent channels that are significant;
these are considered to survive the correction of multiple comparisons (Southgate et
al., 2014). B. Beta values for individual channels of interest. The Beta values are shown
for the two pairs of channels in contrast 2 (Watched > Unwatched) where adjacent
channels have p-values of <0.05.



C3: Responding to an irrational action

This contrast evaluates the Follower’s response during the Follower’s turn following an
exaggerated demonstration by the Leader, versus following a baseline demonstration by
the Follower. Here we found suppression in the left parietal lobule extending into the left
IPL for both groups (channels 24 and 25) and suppression in the bilateral IPL for NT
participants (channel 2). We also found group differences in the left V3 extending into
the left IPL. Adjacent channels here show both group similarities and group differences,
and these results can be considered to be corrected for multiple comparisons. These

results are discussed in detail in the discussion section that follows.

A. Channel-wise activations
Group similarities Meurotypicals ASC Participants

O Significantinone group; Channel with an uncorrected p value < 0.05 for ane group

O Group similarity: Channelwith an uncorrected pvalue < 0.05 for both groups combined
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Figure 5.12. A. Channel-wise activation in Follower in Main phase during Follower
turn after an exaggerated demo by the Leader, when compared with activation after
a baseline demo by the Leader. The T-values for the specified contrast are plotted at
the channel locations on the canonical brain. Channels with an uncorrected p-value of
p<0.05 in any group are highlighted with a red circle. Channels with an overall
uncorrected p-value of p<0.05 in both groups combines are highlighted with an orange
circle. Channels where there is a statistically significant group difference (uncorrected
p-value p<0.05) between the NT and ASC groups are highlighted with an asterisk.
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Channels 24 and 25 are two adjacent channels that are significant; these are considered
to survive the correction of multiple comparisons (Southgate et al., 2014). B. Beta values
for individual channels of interest. The Beta values are shown for the two pairs of
channels in contrast 2 (Exaggerated>Base) where adjacent channels have p-values of
<0.05.

C4: Explicit demand for an irrational action

Moving to the Switch trials, we look at the neural activation when the Follower is
explicitly instructed to make an exaggerated movement vs when they are asked to make
a baseline movement. Here we found suppression in the right temporal lobe (channel 21)
in both NT and ASC participants (when analysed together). In ASC participants this was
accompanied by a strong activation in the adjoining right STS (channel 16). We also found
group differences in the left V3 region. Behaviourally both groups were able to meet the

explicit demands for irrational action, but this result suggests that the demand is

processed differently in ASC and NT groups.
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O Significantin one group: Channel with an uncorrected p value < 0,05 for one group
O Group similarity: Channel with an uncorrected pvalue < 0.05 for both groups combined
@ Channels with group differences measured via t-test of Beta values

Figure 5.138. Channel-wise activation in Follower in the Switch trials when asked to
make an exaggerated trajectory versus when asked to make a baseline trajectory. The
T-values for the specified contrast are plotted at the channel locations on the canonical
brain. Channels with an uncorrected p-value of p<0.05 in any group are highlighted
with a red circle. Channels with an overall uncorrected p-value of p<0.05 in both groups
combines are highlighted with an orange circle. Channels where there is a statistically
significant group difference (uncorrected p-value p<0.05) between the NT and ASC
groups are highlighted with an asterisk.



C5: Being copied

Finally, we turn to how ASC and NT participants processed being copied. We looked at
neural activation when the Follower was copied by the Leader vs when the Leader did
not copy the Follower’s trajectory. Here we found activation in the NT group in V3

bordering the right IPL. In the ASC group we found strong suppression in the right TP]J.

Group similarities Meurotypicals ASC Participants
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O Significantin one group: Channel with an uncorrected p value < 0.05 for one group

O Group similarity; Channel with an uncorrected pvalue < 0.05 for both groups combined

@ channeis withgroup differences measured via t-test of Beta values

Figure 5.14. Channel-wise activation in Follower in the Switch trials when copied by
the Leader versus when not copied by the Leader. The T-values for the specified
contrast are plotted at the channel locations on the canonical brain. Channels with an
uncorrected p-value of p<0.05 in any group are highlighted with a red circle. Channels
with an overall uncorrected p-value of p<0.05 in both groups combines are highlighted
with an orange circle. Channels where there is a statistically significant group difference
(uncorrected p-value p<0.05) between the NT and ASC groups are highlighted with an
asterisk.

On a behavioural level, studies have shown that being copied is rewarding: it
builds rapport and how much we like others (Chartrand & Bargh, 1999; Lakin &
Chartrand, 2003; Stel & Vonk, 2010), and being copied has also been shown to increase
our propensity to help others (Miller et al., 2012) or increase the tips that waitresses
receive (van Baaren et al., 2008). Our study did not have any behavioural correlates to
being copied, and the neural activations when copied do not show any group differences

between NT and ASC participants.
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5.5. Discussion

In this study we sought to extend the social-signalling hypothesis of imitation by
comparing neurotypicals with those with ASC, given the differences in perceptions of
action rationality, imitative behaviour and social interaction seen in those with ASC when
compared with neurotypicals. Using a variation of our dyadic block-moving task (detailed
in Section 2.5.1), we evaluated the imitative fidelity of participants when their interaction
partner produced irrationally high trajectories both in situations where the partner was
watching the participant make their movement and when the partner had their eyes
closed during the participant’s turn. In addition to replicating our behavioural results with
the neurotypical group we found that those with ASC also imitated their interaction
partners and did so with greater fidelity when they knew they were being watched.
Further, we found a robust effect of being watched in the parietal cortex in both groups,
and differences in neural activation in other scenarios between the two groups. In this
discussion we will first review the behavioural results, followed by the neural correlates
for key results centring on the neural correlates of performing actions when watched
versus when not being watched (C2 in the table below), and in responding to irrational
actions (C3). Finally, we will discuss some limitations to this study and directions for

future work.

4.5.1 Imitative fidelity when watched by an interaction partner

Replicating our previous work (Krishnan-Barman & Hamilton, 2019 and Chapter 4) we
found that neurotypical (NT) adults imitated irrational movements with greater fidelity
in trials where they knew their interaction partner was watching them, than in trials
where they knew they were not being watched. This result is in line with other recent
work that has shown that whether an interaction partner is watching us or not has an
impact on the fidelity with which we imitate (DiYanni et al., 2011; Marsh et al., 2019;
Nielsen & Blank, 2011; Sommer et al., 2020). We also found that this effect is preserved
in autistic participants who also copied their partners with greater fidelity when being
watched. This evidence runs counter to our initial hypothesis (Section 5.2.2) where we
suggested that those with autism were less likely to deploy imitation as a social signal.
Based on our study design it is not possible to parse whether autistic participants engaged
in this social imitation consciously or unconsciously, since we could not explicitly
question them on it until the end of the experiment, when they had already been exposed

to the trajectory manipulations as part of the Switch trials.
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Other studies of audience effects have suggested that differences in behaviour
may result from differences in arousal from direct gaze (Senju & Johnson, 2009),
differences in anxiety (Heyes, 2017) or simply as a result of social facilitation (Zajonc,
1965). Our study was designed to minimise the differences between the watched and
unwatched condition: participants were side-by-side throughout rather than watching
each other ensuring there were no differences in eye-gaze or in social facilitation between
conditions. Further, the null result for galvanic skin response between the watched and
unwatched condition (Section 5.4.2) supports the view that there was no difference in
arousal between the two conditions. This buttresses our view that the behavioural
differences seen between the watched and the unwatched condition arise from the
cognitive effect of being watched, rather than explanations rooted in arousal or social

facilitation.

3.5.2. Neural correlates of responding to irrational actions

In this study Followers watched the Leader (a trained confederate) perform both rational
and irrational trajectories before responding with their own move. This contrast
specifically evaluates the Follower’s response during the Follower’s turn after an
exaggerated demonstration by the Leader, versus following a baseline demonstration by
the Leader. In both autistic and neurotypical participants we found suppression in the
left IPL in adjacent channels. This can be considered a robust result since two adjacent
signals show statistically significant effects, allowing us to consider them corrected for
multiple comparisons (Southgate et al., 2014). In a similar vein, a study by Marsh and
Hamilton (2011) found that both neurotypical and autistic adults exhibited similar
activation patterns in the left IPL when viewing rational and irrational goal-directed

actions.

We also found that this deactivation extends bilaterally into the right IPL for
neurotypicals. This is similar to the deactivation in the right IPL seen in the study in
Chapter 4 when performing irrational movements. It is important to note that the
contrast in Chapter 4 was slightly different, measuring brain activity based on the height
performed by the Follower as a parametric regressor. In that study, it was found that
activity in the right SPL was parametrically modulated by the height performed by the
Follower, with greater deactivation the higher (or the more irrationally) the Follower
moved. Itis useful to consider both the above results in the current chapter in conjunction
with behavioural results. We know that there was no main effect of trajectory on the

Follower’s height suggesting that participants were not merely primed to respond with a
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high trajectory right after viewing one. Thus, the neural results above are not the result

of simply moving higher in response to viewing a high trajectory.

Finally, we also found group differences between the autistic and neurotypical
participants in the left occipitotemporal regions, with neurotypical participants showing
suppression in this area, while autistic participants do not. This signposts interesting
similarities and differences in how neurotypical and autistic participants processed their
response to an irrational action, despite the fact that their actual behavioural responses

were not significantly different.

J.5.3. Brain responses to being watched

In behavioural terms we saw that both neurotypicals and autistic participants moved
higher in the watched condition following an exaggerated trial than in the unwatched
condition following exaggerated trials. With regards to the neural correlates we found
that ASC participants showed strong activation in the left STS when being watched when
compared to the unwatched condition. We also found that both neurotypical and autistic
participants showed suppression around the bilateral IPL, extending slightly deeper into
the right for autistic participants. For the neurotypical participants we found instead that
this suppression extended slightly deeper into the left IPL The headline result here is
similar to the result found in Chapter 4 where brain activity was compared between the
watched and unwatched condition and we found a robust, significant deactivation around
the right TPJ or right IPL.

In Chapter 4 we reviewed several potential explanations for this deactivation in
activity in the parietal cortex in the Watched condition (see Section 4.5.3). Broadly the
deactivation in the parietal cortex could be linked to Followers making different
movements in the Watched condition versus the Unwatched condition. Specifically, the
behavioural results suggest that Followers make relatively straight-line movements in the
Unwatched condition and in the Watched-rational condition, moving higher only in the
Watched-irrational condition. On a similar vein, Followers also tend to copy the Leader
directly in the Watched condition throughout and in the Unwatched-rational condition.
Together, this would suggest that Followers only move higher in the Watched-irrational
condition, or make their own decision on how to move in the Unwatched-irrational
condition. Our study was not designed to capture the interaction effects in our planned

comparisons. In future studies, it would be useful to plan these comparisons in advance.
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Another strand of explanations could be differences in the cognitive demands
arising from being watched or not. As we note in Chapter 4 (see Section 4.5.3), being
watched could be more cognitively demanding taking resources away from brain regions
that are typically involved in controlling imitation. Or alternatively, not being watched
may be the more unusual situation; keeping in mind that our interaction partner cannot
view us may necessitate greater mentalising, given the atypical-ness of the situation. In
both cases it would be informative to undertake whole-brain scans to analyse neural
activation in other regions while being watched and develop a better picture of what else

is happening while participants undertake this task.

3.9.4. Limitations and future directions

These results have some limitations relating to the paradigm used. While allowing for a
social interaction without explicitly calling attention to the trajectory, our design does not
allow us to distinguish between the effect of making an irrational movement and moving
higher. It would be useful to attempt to replicate these results by manipulating rationality
through the presence or absence of an obstacle, while keeping the movement kinematics
the same between the rational and irrational condition. Our design also did not allow us
to differentiate between conscious and unconscious copying or allow us to determine at
what point Followers became aware of the Leader’s trajectory changes during the

experiment.

When it comes to ASC participants in particular, we do not know the extent to
which motor control difficulties may have influenced the results. Both ASC and
neurotypical participants showed similar behavioural results when it came to imitative
fidelity, however ASC participants moved slower than NT participants in the Watched
condition. We have reviewed potential explanations for this above (see Section 5.4.2), but
in future experiments separating out the effect of making an irrational movement from
having to move higher would be useful to parse these effects. In future studies it would
also be useful to include a non-social motor-based task such as just moving blocks based

on computer instructions to develop a baseline of motor performance for all participants.

Another fruitful avenue for future exploration would be to incorporate recording
of eye gaze into this study. Previous studies have shown that NT and ASC participants
orient their gaze differently in goal-directed action sequences. NT participants have been
shown to engage in predictive gaze, moving their gaze proactively in line with an
expected trajectory (Flanagan & Johansson, 2003). When it comes to those with ASC the

evidence is mixed, with some studies showing that they engage in predictive gaze (Falck-
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Ytter, 2010) while others suggest that they do not (Senju et al., 2009). Marsh and
colleagues (2015) showed that ASC participants tended to pay less attention to features
such as the action goal and the hand performing the action, but if we look only at trials
where they do pay attention, they are able to engage in predictive gaze on par with NTs.
Evaluating gaze patterns in both groups while engaging in this task may provide more

insight into this.

5.6. Conclusions

Overall, this study supports the social-signalling hypothesis of imitation by showing that
both NT and ASC participants can identify rational actions, and the social availability of
an interaction partner; both groups also respond in similar ways by imitating irrational
actions with greater fidelity when they know their interaction partner is watching them.
The differing patterns in neural activation between NT and ASC groups suggest that
although their behaviours are similar, the brain mechanisms underpinning them may be

different.
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Chapter 6. Discussion

This concluding chapter summarises the experimental work carried out in this thesis and
outlines how it supports the social-signalling hypothesis of imitation. We also discuss

future directions that could advance our understanding of imitation as a social signal.

Sujatha Krishnan-Barman

Institute of Cognitive Neuroscience, University College London, Alexandra House, 17
Queen Square, London WCIN 3AR, United Kingdom.
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6.1. Imitation as a social signal

Over a series of behavioural and neuroimaging studies this thesis has sought to test the
social-signalling hypothesis of imitation. This affiliative account of imitation theorises
that we imitate in order to achieve certain social goals, such as increasing rapport or
communicating mutuality (Uzgiris, 1981). Under this, imitation is thought to function as
a social glue that increases our social advantage (Lakin et al., 2003; Wang & Hamilton,
2012). The STORM model (Wang & Hamilton, 2012) in particular reviews a wide range
of existing neurocognitive evidence to suggest that imitation is socially modulated and
incorporates a “Machiavellian goal of increasing one’s social standing”. The STORM
model thus makes a highly specific claim that we imitate in order to affiliate (in the same
vein as the argument advanced in Farmer et al., 2018; Over & Carpenter, 2013). This thesis
has sought to explicitly delineate the mechanism by which this may function, and test the
individual components of this mechanism, both in terms of behaviour and to understand

the brain mechanisms underpinning these behaviours.

Specifically, the social-signalling hypothesis says that imitation is a social signal
selectively sent between interaction partners depending on the social availability of the
recipient. Unlike a cue which only benefits one party in an interaction, a signal is
conceptualised as benefiting both the sender and the recipient (Stegmann, 2013). In an
interaction between the copier (sender) and the person being copied (recipient), we know
from the existing evidence that not being imitated can increase cortisol levels in the signal
recipient (Kouzakova et al., 2010). A wide range of studies have also shown that copying
benefits the sender as well; the recipient of the signal is more likely to view the sender as
more knowledgeable, tip them more in the case of waitstaff, be more inclined to buy the
sender’s product, and be more likely to engage in helpful and charitable behaviour when
copied (Chartrand & Lakin, 2018; Fischer-Lokou et al., 2011; Stel et al., 2008; Tanner et
al., 2008; van Baaren et al., 2008, 2004; van Swol, 2003).

In this thesis we systematically tested this hypothesis using our dyadic block-
moving paradigm (see Section 2.5.1), which involves two participants—a Leader and a
Follower. The Leader first demonstrates moving blocks from point A to point B using
either a rational (straight-line) trajectory or an irrational (high and curved) trajectory. The
Follower is subsequently told to move the blocks in the same order as the Leader, while
no explicit mention is made of the trajectories; however, the Follower is told that their
score on each trial depends on moving quickly, incentivising them to move as fast as
possible. This task builds on a range of a range of paradigms used in the study of mimicry

and on evaluating rationality (Forbes & Hamilton, 2017; Gergely et al., 1995; Krishnan-
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Barman et al., 2017; Marsh et al., 2015; Oliver et al., 2017; Wild et al., 2012), and was
implemented in an augmented-reality environment to maintain experimental
consistency and reduce setup times. In addition to the height of the demonstrated
trajectory, the other independent variable manipulated was the social availability of the
Leader when the Follower was making their move. In one-half of the trials, the Leader
was explicitly instructed (via voice commands) to close their eyes during the Follower’s

turn, while in the other trials the Leader could watch the Follower make their move.

In manipulating the social availability, we were keen to engender a cognitive effect
of being watched, rather than merely increased arousal or anxiety from the presence of
another person, or attentional explanations. It has been argued that several results
showcasing the modulation of imitation by social context may occur instead owing to
differences in attention or anxiety and be unrelated to social-signalling (Heyes, 2017). We
sought to address this concern in our paradigm design by ensuring the watched and
unwatched conditions were as closely matched as possible. First, the interaction partners
stood side-by-side precluding any effects of direct gaze. Second, both partners remained
in situ throughout the experiment avoiding any changes in social facilitation or attention
between trials. Third, the actual demonstration by the Leader was identical in the watched
and unwatched conditions, ruling out any differences in attention between the two
conditions. Finally, if anxiety in the watched condition was driving behaviour, it should
cause the Follower to respond (when watched) by moving faster and in a more straight-
line trajectory, which is counter to the social-signalling hypothesis that would suggest that
Followers would imitate the high, curved trajectories of Leaders with greater fidelity in

the watched conditions.

We now turn to the specific testable hypotheses arising from our theoretical
framework, and how these were tested in each chapter. According to the social-signalling
hypothesis of imitation in a dyadic interaction between Alice and Betty, where Alice
occasionally demonstrates irrationally high trajectories, and where Alice is only socially
available (i.e., watching Betty) in one half of the trials, we would expect the following to

OCcCur:

(a) Betty should recognise (either consciously or unconsciously) that Alice is making
irrational movements in some trials

(b) Betty should recognise on a trial-by-trial basis whether Alice is socially available
to receive a potential imitative signal

(c) Betty should copy Alice’s actions including the irrational trajectories in some trials
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(d) The degree to which Betty copies Alice’s actions should be modulated by whether

Alice was socially available in that trial

6.11 Summary of experimental chapters

Below we first briefly summarise the experimental chapters before considering the

evidence from the experiments in this thesis for each of the hypotheses above.

Chapter 8 described a pilot behavioural study and a pre-registered replication that
examined the fidelity with which Followers copied irrational movements made by
Leaders. I found that Followers imitated the Leaders, and critically, they did so with
greater fidelity in trials where they knew the Leader was watching them. This supports

(c) and (d) suggesting that imitation does function as a social signal.

Chapter 4 examined the neural correlates of imitation in a social context by
simultaneously capturing neural activations in the right hemisphere, centred on the right
TPJ, for both Leaders and Followers using the same dyadic block-moving task as
described earlier. I found again that Follower imitated the Leader with greater fidelity in
the watched trials when compared with the unwatched trials. I also found that when
watching irrational actions Leaders showed greater activation in the right TPJ], while
Followers showed greater activation in the right IPL. when watching Leaders make
irrational actions. When it came to being watched, Followers showed strong, robust
deactivation in the right TP] and the right IPL. These provide neural correlates to inform
(a) and (b) showing that both action rationality and the cognitive effect of being watched
are robustly encoded in the TP] and IPL.

Chapter 5 sought to extend this hypothesis by additionally testing the behaviour and
neural correlates of autistic individuals using a similar dyadic block-moving task. Here
we found that behaviourally both neurotypicals and those with autism were matched,
with both copying the Leader with greater fidelity in trials where they knew the Leader
was watching them. When it came to neural correlates the picture was more mixed.
When responding to irrational actions both neurotypicals and those with autism showed
suppression of activation in the left IPL, while in neurotypicals this extended bilaterally
into the right IPL as well. However, only autistic individuals engaged left
occipitotemporal regions after viewing irrational actions. In line with the results seen in
Chapter 4, I found that being watched was accompanied by a robust deactivation in the
right parietal cortex across both neurotypicals and autistic participants. However, only

autistic participants engaged left STS when being watched.
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6.12. Imitation fidelity in watched and unwatched trials

The key behavioural component of our theory is whether the extent to which people
copy irrational actions is modulated by the social availability of their interaction partner
(i.e., whether the interaction partner can watch them make their movement or not). Early
evidence from animal studies have supported the view that merely being the presence of
a conspecific can change our behaviour owing to changes in arousal regardless of whether
the conspecific is watching them or not (Zajonc, 1965; Zajonc & Sales, 1966). However, we
are interested in a more specific phenomenon of the audience effect, where behaviour is
influenced by being watched (Triplett, 1898). On this there has been growing evidence
that being in the presence of a demonstrator influences our imitative behaviour, with a
number of studies showing that children tended to imitate a demonstrator who was
watching them to a greater extent (DiYanni et al., 2011; Marsh, Ropar, et al., 2014; Nielsen
& Blank, 2011). Evidence from other fields of study has also suggested that being watched
modulates behaviour: Canigueral & Hamilton (2019b, 2019a) have shown that
participants tend to gaze less at a live interaction partner (when compared with a video),
and behave in a more prosocial manner when they believe they are being watched. Other
studies have also shown that people’s behaviour changes even when the feeling of being
watched is manipulated at an abstract level, such as when people are told their cognitive
capacity is being evaluated (Bengtsson et al., 2009), or when people make disclosures

about themselves in the presence of others (Izuma et al., 2010).

In this study across all four experiments, we found that Followers moved higher
or copied Leaders with greater fidelity when they knew the Leader was socially available
to receive a signal from the Follower. This occurred despite participants being instructed
to move as quickly as possible, which would incentivise the use of a straight-line, fast,
trajectory. Interestingly, and in contrast to what we initially expected, the same
behavioural effect was seen in autistic participants in the experiment in Chapter 5. Our
results do not allow us to distinguish whether autistic participants made a conscious
choice to copy Leaders to a greater extent in the watched trials (in an effort to behave in
what may be considered a socially appropriate way) or whether this was unconscious.
Thus, we cannot parse whether they were engaging in some kind of cognitive
compensation, which is effortful, or whether their behaviour on this simple task matched

neurotypicals owing to some other unconscious mechanism.

All these results form the crux of support for our social-signalling hypothesis of
imitation, showing that imitation is modulated by whether we are being watched by an

interaction partner or not. As we highlighted above, the experiments were carefully
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designed to ensure there were no differences in anxiety or arousal between watched and
unwatched conditions to ensure we were measuring changes that arose from the
cognitive effect of being watched. This is further supported by the finding in the
experiment in Chapter 5 that found no significant difference in galvanic skin response
between watched and unwatched trials further supporting the view that our paradigm
engendered a genuine cognitive feeling of being watched, rather than differences arising

from differences in anxiety.

6.13. Recognising social availability

We now turn to the brain mechanisms that underpin our ability to understand the social
availability of an interaction partner. The key question here is whether there is a brain
region that encodes whether we are being watched. Understandably it is tricky to
engender a feeling of being watched when inside an fMRI scanner. However, innovative
attempts involving mirror-arrays, scanning people simultaneously while exchanging eye
signals, or using wearable imaging technologies such as fNIRS have shown the
engagement of mentalising networks when we are being watched (Cavallo et al., 2015;
Dravida et al., 2020; Koike et al., 2019).

Across Chapters 4 and 5, it was found that being watched led to strong, robust
deactivation in the right parietal cortex across both neurotypicals and autistic individuals.
This is a robust result with multiple adjacent channels showing statistical significance,
which can be considered a result that is corrected for multiple comparisons (Pinti,
Tachtsidis, et al., 2020; Southgate et al., 2014). However, this result stands in contrast to
the activations in the mentalising networks reported in other studies above. In the
experimental chapters we reviewed several potential explanations for this intriguing
result. First, it could be that Followers moved higher in the Watched condition. We might
expect greater activation in the parietal cortex rather than deactivation, but studying what
is happening elsewhere in the brain through a whole brain scan would help address this
question. Second, in the rational condition (Watched and Unwatched) and in the
Watched-irrational condition Followers may be just copying what they see the Leader
doing. It may only be in the Unwatched-irrational condition where Followers have to
expend cognitive resources deciding what movement they want to make. Again, our
study was not designed to capture this interaction effect in our planned comparisons and
this is something that could be addressed in future work. Again, extending the
neuroimaging to the whole brain would also be useful to understand what else is

happening while the Follower is making their move. Finally, we can speculate that both
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being watched or not being watched may exact different cognitive demands being
atypical depending on the context: it may be that being watched may require us to
monitor our partner’s attention, taking resources away from areas such as the mentalising
networks that are often implicated in controlling imitation. On a similar vein, it may also
be that not being watched is more atypical and require more mentalising, leading to a
relative deactivation in the watched condition. Both these ideas are worth exploring
further. As we note in Chapter 4, we have not seen any existing research that touches on
these dynamics (see Section 1.4.3), but repeating these studies adapted to fMRI could shed
some light on neural activations in other parts of the brain when being watched versus

not being watched.

6.14. Responding to irrational actions

Another key hypothesis tested as part of the social-signalling hypothesis of imitation was
whether participants recognise (consciously or unconsciously) actions as irrational.
Amongst neurotypicals, previous studies have shown that viewing videos of irrational
actions in fMRI studies have been accompanied by activations in the STS as well as in the
adjacent MTG (Grézes et al., 2004; Jastorff et al., 2011; Marsh, Mullett, et al., 2014;
Pelphrey et al., 2003; Saxe et al., 2004). Previous observational studies have shown
increased activation in the right TP] and right IPL when observing irrational actions
(Brass et al., 2007; Marsh, Mullett, et al., 2014; Marsh & Hamilton, 2011; Oliver et al., 2017).
Thus, these studies broadly implicate the action observation and mentalising regions of
the brain in identifying irrational actions. Both these phenomena are also thought to be
impaired in autism, with studies showing deficits in in both action-observation (Iacoboni
& Dapretto, 2006; Ramachandran & Oberman, 2006) and in mentalising (Baron-Cohen
et al,, 1985; Castelli, 2002; Frith, 2001; Frith & Frith, 2003; Jolliffe & Baron-Cohen, 1999)
among autistic individuals. However, the evidence on how autistic individuals interpret
action rationality is mixed. Hamilton and colleagues (2007) have shown that both
neurotypical and autistic children are able to distinguish between rational and irrational

actions equally well.

Nevertheless, there are differences between neurotypicals and autistic individuals
in how they respond to irrational actions. A study by Hobson and Hobson (2008) showed
that when viewing an action sequence with irrational elements that achieves a goal,
autistic individuals only copied the style of an action insofar as it was relevant to achieving
the goal while neurotypicals copied the style of action used to achieve the goal regardless

of its irrationality. This raises the question of whether it is because autistic individuals
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recognise an action as irrational and make a (conscious or unconscious) choice to discard
the irrational elements in favour of efficiency, while neurotypicals copy the style
regardless to achieve social goals. An alternate explanation is that autistic individuals just
do not pay any attention to the style unless it is germane to the goal. A study by Marsh
and colleagues (2015) showed both rational and irrational actions to autistic individuals as
well as neurotypicals: they found that those with autism showed reduced attention to
features of the action such as the hand performing the action; however, in trials where
participants with autism did focus on these features, their performance was similar to the

neurotypicals.

In the studies in this thesis, we found that neurotypicals showed deactivation in
the right IPL when responding immediately after an irrational demonstration. In Chapter
5 we also saw that this extended into the left IPL for neurotypicals. However, autistic
participants showed activations only in the left IPL (not the right IPL) and showed
engagement in the left occipitotemporal regions when responding to irrational actions.
Our results suggest that there is engagement in the action-observation network when
viewing or responding to irrational actions, but there are differences between
neurotypicals and autistic individuals in how they perceive and process irrational actions.
This is particularly intriguing given that there were no significant differences in
behaviour between autistic and neurotypical individuals (see 6.1.2). This suggests that
autistic individuals may be undertaking some form of cognitive compensation, adjusting
their behaviour either consciously or unconsciously to match their understanding of

what is expected of neurotypicals.

6.2. General limitations

In this thesis one of our priorities was to design a paradigm that would enable us to study
imitative behaviour among interacting partners in a social context. While this paradigm
generated useful insights, there are some questions that we were not able to answer using

this paradigm.

First, given that we used multiple trials, we cannot determine if and when
Followers became consciously aware of the Leader’s unusual trajectories. In the studies
in Chapter 3 and the study in Chapter 5, there was a final phase in the experiments where
Followers were explicitly told about the irrationally high trajectories and required to copy
them faithfully. Thus, in the debrief at the end there was no reliable way to test when
they become aware of the irrationally high trajectories in a systematic manner. We know

from the neural correlates that there was increased activation for both neurotypicals and
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autistic participants in the left IPL. when viewing or responding to irrational actions.
However, we do not know whether this was something processed consciously or
subconsciously, and similarly whether their subsequent (copying) behaviour was

CONSCious Or UNconscious.

Second, the design of the experiment does not allow us to distinguish between
moving higher and making an irrational movement. It would be useful to attempt to
replicate these results by manipulating rationality through the presence or absence of an
obstacle, while keeping the movement kinematics the same between the rational and
irrational condition (similar to the habituation paradigm used in Gergely et al., 1995). For
example, we could design a study where in one-half of the trials there is an obstacle
between the source and destination of the blocks. In the other half of the trials the obstacle
is placed either before the source or after the destination. In all trials the Leader would
make a high trajectory to move the blocks from the source to the destination. But in the
obstacle-in-between trials this would be a rational movement, while in the no-obstacle-
in-between trials this would be an irrational movement. We could then maintain the
same split of Watched and Unwatched trials, and see if the Followers copy the Leader’s

trajectories in various trials. This would us to generalise our results further.

Finally, we found differences in the neural correlates between the watched and
unwatched conditions, but as outlined above (see Section 6.1.3) we cannot separate out
the drivers of this difference such as whether the unwatched condition is more atypical,
forces participants to generate their own motor plan, or this is due to some other
explanation we have not yet considered. As above, manipulating the rationality of the
movements without changing the kinematics of the movement required (i.e., leave the
movement the same, but make it rational or irrational by the presence or absence of

obstacles in the way) would enable us to parse these differences.

6.3. Future directions

The studies described in this thesis support the social-signalling hypothesis of imitation
and generate several possible directions for future research. First, if imitation is a social
signal, what is the message being sent? One suggestion is Followers may be copying the
high trajectory demonstrated by the Leader in the irrational condition to show the Leader
that they are committed to gaining points. Also, in our exploratory pilot study (Chapter
2) we found that Followers imitated some Leaders with greater fidelity than others,
although we did not find any links between any self-reported traits and imitative fidelity.

Exploring whether we imitate people we already feel a kinship with to a greater extent,
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or imitate people we want to affiliate with more to a greater extent would be an interesting
avenue to explore. The mutual prediction account advanced by Kingsbury et al. (2019)
found that extent to which incorporating an interaction partner’s brain signals improved
the GLM was dependent on the subordinate-dominant relationship between the two
animals. While there were no explicit power differentials between Leaders and Followers
in our studies, this could also be a worthwhile variable to manipulate. This would enable
us to understand whether the increase in imitative fidelity when we are being watched is

a conscious “Machiavellian” instinct, or a more unconscious process.

Incorporating eye gaze measurements into the paradigm used in these studies
could also prove fruitful. Neurotypical and autistic participants have been shown to orient
their gaze differently, paying attention to different aspects of an action sequence such as
goal or kinematic features such as the trajectory or hand used to make a movement
(Falck-Ytter, 2010; Flanagan & Johansson, 2003; Senju et al., 2009). We know that the
neural signals recorded were different for autistic and neurotypical participants, and we
know that their behaviours were similar. Evaluating eye gaze may help us separate out

where the differences arise in the underlying mechanisms between the two groups.

Finally, it would also be worthwhile exploring the downstream consequences of
being imitated in a more systematic manner. The evidence on being copied and the
increase in prosociality showcase a wide range of positive outcomes (Chartrand & Lakin,
20138; Fischer-Lokou et al., 2011; Stel et al., 2008; Tanner et al., 2008; van Baaren et al.,
2003, 2004; van Swol, 2008). However, it is unclear if this is driven by a specific kinship
to an interaction partner who copies us, or a more general boost to one’s ego or sense of
wellbeing from being copied. Do we feel a specific social contract come into play when
we are copied by an individual? Or do we just feel better about ourselves as someone

worthy of being copied? This would be an interesting avenue to study in the future.

6.4. Closing summary

In this thesis I have outlined the social-signalling hypothesis of imitation and developed
a paradigm that enables us to test individual steps of this theory in a systematic manner.
Across four behavioural and neuroimaging studies we found evidence to support this
hypothesis. The evidence also raised intriguing questions about how we process being
watched and not being watched, as well as around the performance of autistic participants
who matched neurotypicals on behavioural measures but showed some differences in

neural activations. These findings support the view that imitation can function as a social
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signal. This social-signalling theory of imitation is a useful construct through which to

understand imitative behaviour amongst people operating in a social context.

176



References

Abend, W., Bizzi, E., & Morasso, P. (1982). Human arm trajectory formation. Brain, 105(2),
331-348. https://doi.org/10.1093/brain/105.2.331

Abravanel, E., & Sigafoos, A. D. (1984). Exploring the Presence of Imitation during Early
Infancy. Child Development, 55(2), 381. https://doi.org/10.2307/1129950

Allport, G. W. (1954). The nature of prejudice. In The nature of prejudice. Addison-Wesley.

American Psychiatric Association. (2018). Diagnostic and statistical manual of mental
disorders (5th ed.).

Amodio, D. M., & Frith, C. D. (2006). Meeting of minds: the medial frontal cortex and
social cognition. Nature Reviews Neuroscience, 7(4), 268-277.
https://doi.org/10.1038/nrn1884

Anisfeld, M. (1996). Only Tongue Protrusion Modeling Is Matched by Neonates.
Developmental Review, 16(2), 149-161. https://doi.org/10.1006/drev.1996.0006

Asperger, H. (1944). Die ,Autistischen Psychopathen” im Kindesalter. Archiv Fiir Psychiatrie
Und Nervenkrankheiten, 117(1), 76—186. https://doi.org/10.1007/BF01837709

Babiloni, F., & Astolfi, L. (2014). Social neuroscience and hyperscanning techniques: Past,
present and future. Neuroscience and Biobehavioral Reviews, 44, 76-93.
https://doi.org/10.1016/j.neubiorev.2012.07.006

Bailenson, J. N., & Yee, N. (2005). Digital Chameleons: Automatic Assimilation of
Nonverbal Gestures in Immersive Virtual Environments. Psychological Science, 16(10),
814-819. https://doi.org/10.1111/j.1467-9280.2005.01619.x

Baron-Cohen, S., Leslie, A. M., & Frith, U. (1985). Does the autistic child have a “theory of
mind” ? Cognition, 21(1), 37-46. https://doi.org/10.1016/0010-0277(85)90022-8

Baron-Cohen, S., Wheelwright, S., Skinner, R., Martin, J., & Clubley, E. (2001). The Autism
Spectrum Quotient : Evidence from Asperger syndrome/high functioning autism,
males and females, scientists and mathematicians. Journal of Autism and
Developmental Disorders, 31(1), 5—17. https://doi.org/10.1023/A:1005653411471

Barr, R., Dowden, A., & Hayne, H. (1996). Developmental changes in deferred imitation
by 6- to 24-month-old infants. Infant Behavior & Development, 19(2), 159-170.
https://doi.org/10.1016/S0163-6383(96)90015-6

Bavelas, J. B, Black, A., Lemery, C. R., & Mullett, J. (1986). “I Show How You Feel”. Motor
Mimicry as a Communicative Act. Journal of Personality and Social Psychology, 50(2),
322-329. https://doi.org/10.1087/0022-3514.50.2.322

Becchio, C., Sartori, L., & Castiello, U. (2010). Toward You: The Social Side of Actions.
Current Directions n Psychological Science, 19(3), 183-188.
https://doi.org/10.1177/096 3721410370131

Bengtsson, S. L., Lau, H. C., & Passingham, R. E. (2009). Motivation to do well enhances

177



responses to errors and self-monitoring. Cerebral Cortex, 19(4), 797-804.
https://doi.org/10.1098/cercor/bhnl27

Boas, D. A, Elwell, C. E., Ferrari, M., & Taga, G. (2014). Twenty years of functional near-
infrared spectroscopy: Introduction for the special issue. In NeuroImage (Vol. 85, pp.
1-5). Neuroimage. https://doi.org/10.1016/j.neuroimage.2013.11.033

Bond, C. F. (1982). Social facilitation: A self-presentational view. Journal of Personality and
Social Psychology, 42(6), 1042-1050. https://doi.org/10.1037/0022-3514.42.6.1042

Borich, M. R,, Brodie, S. M., Gray, W. A,, Ionta, S., & Boyd, L. A. (2015). Understanding the
role of the primary somatosensory cortex: Opportunities for rehabilitation.
Neuropsychologia, 79, 246-255.
https://doi.org/10.1016/j.neuropsychologia.2015.07.007

Bourgeois, P., & Hess, U. (2008). The impact of social context on mimicry. Biological
Psychology, 77(3), 343—352. https://doi.org/10.1016/j.biopsycho.2007.11.008

Boyd, R., Richerson, P. ]J., & Henrich, J. (2011). The cultural niche: Why social learning is
essential for human adaptation. Proceedings of the National Academy of Sciences,
108(Supplement 2), 10918 LP — 10925. https://doi.org/10.1073/pnas.1100290108

Brass, M., Bekkering, H., Wohlschlager, A., & Prinz, W. (2000). Compatibility between
observed and executed finger movements: comparing symbolic, spatial, and
imitative cues. Brain and Cognition, 14(2), 124-143.
https://doi.org/10.1006/brcg.2000.1225

Brass, M., Derrfuss, J., Matthes-von Cramon, G., & Von Cramon, D. Y. (2003). Imitative
response tendencies in patients with frontal brain lesions. Neuropsychology, 17(2), 265—
271. https://doi.org/10.1037/0894-4105.17.2.265

Brass, M., Derrfuss, J., & von Cramon, D. Y. (2005). The inhibition of imitative and
overlearned responses: a functional double dissociation. Neuropsychologia, 43(1), 89—
98. https://doi.org/10.1016/j.neuropsychologia.2004.06.018

Brass, M., Ruby, P., & Spengler, S. (2009). Inhibition of imitative behaviour and social
cognition. Philosophical Transactions of the Royal Society B: Biological Sciences, 364(1528),
2359-2867. https://doi.org/10.1098/rstb.2009.0066

Brass, M., Schmitt, R. M., Spengler, S., & Gergely, G. (2007). Investigating Action
Understanding: Inferential Processes versus Action Simulation. Current Biology,
17(24), 2117-2121. https://doi.org/10.1016/j.cub.2007.11.057

Brass, M., Zysset, S., & von Cramon, D. Y. (2001). The Inhibition of Imitative Response
Tendencies. Neurolmage, 14(6), 1416—-1423. https://doi.org/10.1006/nimg.2001.0944

Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V., Seitz, R. J., Zilles,
K., Rizzolotti, G., & Freund, H.-J. (2001). Action observation activates premotor and
parietal areas in a somatotopic manner: an fMRI study. European Journal of
Neuroscience, 13(2), 400-404. https://doi.org/10.1111/j.1460-9568.2001.01385.x

Buccino, G., Vogt, S., Ritzl, A, Fink, G. R,, Zilles, K., Freund, H.-]., & Rizzolotti, G. (2004).
Neural Circuits Underlying Imitation Learning of Hand Actions. Neuron, 42(2), 323—

178



334. https://doi.org/10.1016/S0896-6273(04)00181-3

Burgess, A. P. (2013). On the interpretation of synchronization in EEG hyperscanning
studies: A cautionary note. Frontiers in Human Neuroscience, 7(DEC), 1-17.
https://doi.org/10.3389/fnhum.2013.00881

Canigueral, R., & Hamilton, A. F. de C. (2019a). Being watched: Effects of an audience on
eye gaze and prosocial behaviour. Acta  Psychologica, 195, 50-63.
https://doi.org/10.1016/j.actpsy.2019.02.002

Canigueral, R., & Hamilton, A. F. de C. (2019b). The Role of Eye Gaze During Natural
Social Interactions in Typical and Autistic People. Frontiers in Psychology, 10.
https://doi.org/10.83389/fpsyg.2019.00560

Carpenter, M., Uebel, J., & Tomasello, M. (2013). Being Mimicked Increases Prosocial
Behavior in 18-Month-Old Infants. Child Development, 84(5), 1511-1518.
https://doi.org/10.1111/cdev.12083

Caspers, S, Zilles, K., Laird, A. R., & Eickhoff, S. B. (2010). ALE meta-analysis of action
observation and imitation in the human brain. Neurolmage, 50(3), 1148-1167.
https://doi.org/10.1016/j.neuroimage.2009.12.112

Castelli, F. (2002). Autism, Asperger syndrome and brain mechanisms for the attribution
of mental states to animated shapes. Brain, 125(8), 1839-1849.
https://doi.org/10.1098/brain/awf189

Catmur, C., Mars, R. B., Rushworth, M. F., & Heyes, C. (2011). Making mirrors: Premotor
cortex stimulation enhances mirror and counter-mirror motor facilitation. Journal
of Cognitive Neuroscience, 23(9), 2352—2362. https://doi.org/10.1162/jocn.2010.21590

Cavallo, A., Lungu, O., Becchio, C., Ansuini, C., Rustichini, A., & Fadiga, L. (2015). When
gaze opens the channel for communication: Integrative role of IFG and MPFC.
NeuroImage, 119, 63—-69. https://doi.org/10.1016/j.neuroimage.2015.06.025

Chakrabarti, S., & Fombonne, E. (2005). Pervasive developmental disorders in preschool
children: Confirmation of high prevalence. In American Journal of Psychiatry (Vol. 162,
Issue 6, PpP- 1133-1141). American Psychiatric Publishing.
https://doi.org/10.1176/appi.ajp.162.6.1133

Chartrand, T. L., & Bargh, J. A. (1999). The chameleon effect: The perception—behavior
link and social interaction. Journal of Personality and Social Psychology, 76(6), 893-910.
https://doi.org/10.1087/0022-3514.76.6.893

Chartrand, T. L., & Lakin, J. L. (2013). The Antecedents and Consequences of Human
Behavioral Mimicry. Annual Review of Psychology, 64(1), 285-308.
https://doi.org/10.1146/annurev-psych-113011-143754

Cheng, X., Li, X., & Hu, Y. (2015). Synchronous brain activity during cooperative exchange
depends on gender of partner: A fNIRS-based hyperscanning study. Human Brain
Mapping, 36(6), 2039-2048. https://doi.org/10.1002/hbm.22754

Chetcuti, L., Hudry, K., Grant, M., & Vivanti, G. (2019). Object-directed imitation in
autism spectrum disorder is differentially influenced by motoric task complexity,

179



but not social contextual cues. Autism, 23(1), 199-211.
https://doi.org/10.1177/1362361317734063

Chevallier, C., Parish-Morris, J., Tonge, N., Le, L., Miller, ]J., & Schultz, R. T. (2014).
Susceptibility to the audience effect explains performance gap between children
with and without autism in a theory of mind task. Journal of Experimental Psychology:
General, 143(3), 972-979. https://doi.org/10.1037/a0035483

Clarke, D. F., Roberts, W., Daraksan, M., Dupuis, A., McCabe, J., Wood, H., Snead, O. C.,
& Weiss, S. K. (2005). The Prevalence of Autistic Spectrum Disorder in Children
Surveyed in a Tertiary Care Epilepsy Clinic. Epilepsia, 46(12), 1970-1977.
https://doi.org/10.1111/j.1528-1167.2005.00343.x

Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155-159.
https://doi.org/10.1037/0033-2909.112.1.155

Cook, R., Bird, G., Catmur, C., Press, C., & Heyes, C. (2014). Mirror neurons: From origin
to function. Behavioral and Brain Sciences, 37(2), 177-192.
https://doi.org/10.1017/S0140525X13000903

Csibra, G. (1993). Action mirroring and action understanding: an alternative account. In
Sensorimotor Foundations of Higher Cognition (Vol. 15, Issue 1, pp. 435-459). Oxford
University Press. https://doi.org/10.1093/acprof:0s0/9780199231447.003.0020

Cui, X, Bray, S., & Reiss, A. L. (2010). Functional near infrared spectroscopy (NIRS) signal
improvement based on negative correlation between oxygenated and deoxygenated
hemoglobin dynamics. NeuroImage, 49(4), 3039-3046.
https://doi.org/10.1016/j.neuroimage.2009.11.050

Cui, X., Bryant, D. M., & Reiss, A. L. (2012). NIRS-based hyperscanning reveals increased
interpersonal coherence in superior frontal cortex during cooperation. Neurolmage,
59(3), 2430-2437. https://doi.org/10.1016/j.neuroimage.2011.09.003

Custance, D., Prato-Previde, E., Spiezio, C., Rigamonti, M. M., & Poli, M. (2006). Social
learning in pig-tailed macaques (Macaca nemestrina) and adult humans (Homo
sapiens) on a two-action artificial fruit. Journal of Comparative Psychology, 120(3), 303—
313. https://doi.org/10.1037/0735-7036.120.3.303

Czeszumski, A., Eustergerling, S., Lang, A., Menrath, D., Gerstenberger, M., Schuberth, S.,
Schreiber, F., Rendon, Z. Z., & Konig, P. (2020). Hyperscanning: A Valid Method to
Study Neural Inter-brain Underpinnings of Social Interaction. Frontiers in Human
Neuroscience, 14(February), 1-17. https://doi.org/10.3389/fnhum.2020.00039

D’Entremont, B., & Yazbek, A. (2007). Imitation of Intentional and Accidental Actions by
Children with Autism. Journal of Autism and Developmental Disorders, 37(9), 1665—1678.
https://doi.org/10.1007/s10803-006-0291-y

Dapretto, M., Davies, M. S., Pfeifer, J. H., Scott, A. A., Sigman, M., Bookheimer, S. Y., &
Iacoboni, M. (2006). Understanding emotions in others: mirror neuron dysfunction
in children with autism spectrum disorders. Nature Neuroscience, 9(1), 28-30.
https://doi.org/10.1088/nn1611

Darda, K. M., & Ramsey, R. (2019). The inhibition of automatic imitation: A meta-analysis

180



and synthesis of fMRI studies. NeuroImage, 197, 320-329.
https://doi.org/10.1016/j.neuroimage.2019.04.059

Darwin, C. (1871). The descent of man, and Selection in relation to sex, Vol 1. John Murray.
https://doi.org/10.1087/12293-000

De Jaegher, H., Di Paolo, E., & Gallagher, S. (2010). Can social interaction constitute social
cognition? Trends n Cognitive Sciences, 14(10), 441-447.
https://doi.org/10.1016/j.tics.2010.06.009

de Klerk, C. C. J. M,, Johnson, M. H., Heyes, C. M., & Southgate, V. (2015). Baby steps:
Investigating the development of perceptual-motor couplings in infancy.
Developmental Science, 18(2), 270-280. https://doi.org/10.1111/desc.12226

Decety, J., & Chaminade, T. (20038). Neural correlates of feeling sympathy.
Neuropsychologia, 41(2), 127-138. https://doi.org/10.1016/S0028-3932(02)00143-4

Decety, J., Chaminade, T., Grezes, J., & Meltzoff, A. N. (2002). A PET exploration of the
neural mechanisms involved in reciprocal imitation. Neurolmage, 15(1), 265-272.
https://doi.org/10.1006/nimg.2001.0938

Decety, J., Grezes, J., Costes, N., Perani, D., Jeannerod, M., Procyk, E., Grassi, F., & Fazio,
F. (1997). Brain activity during observation of actions. Influence of action content and
subject’s strategy. Brain, 120(10), 1763-1777.
https://doi.org/10.1098/brain/120.10.1763

Decety, J., Jackson, P. L., Sommerville, J. A., Chaminade, T., & Meltzoff, A. N. (2004). The
neural bases of cooperation and competition: an fMRI investigation. Neurolmage,
23(2), 744-751. https://doi.org/10.1016/j.neuroimage.2004.05.025

DeMyer, M. K., Alpern, G. D., Barton, S., DeMyer, W. E., Churchill, D. W., Hingtgen, J. N.,
Bryson, C. Q., Pontius, W., & Kimberlin, C. (1972). Imitation in autistic, early
schizophrenic, and non-psychotic subnormal children. Journal of Autism and
Childhood Schizophrenia, 2(3), 264—287. https://doi.org/10.1007/BF01537618

Dennett, D. C. (1971). Intentional Systems. Journal of Philosophy, 68(4), 87-106.
https://doi.org/10.2807/2025382

di Pellegrino, G., Fadiga, L., Fogassi, L., Gallese, V., & Rizzolotti, G. (1992). Understanding
motor events: a neurophysiological study. Experimental Brain Research, 91(1), 176—180.
https://doi.org/10.1007/BF00230027

DiYanni, C., Nini, D., & Rheel, W. (2011). Looking good versus doing good: Which factors
take precedence when children learn about new tools? Journal of Experimental Child
Psychology, 110(4), 575-591. https://doi.org/10.1016/j.jecp.2011.06.002

Dommer, L., Jager, N., Scholkmann, F., Wolf, M., & Holper, L. (2012). Between-brain
coherence during joint n-back task performance: A two-person functional near-
infrared spectroscopy study. Behavioural Brain Research, 234(2), 212-222.
https://doi.org/10.1016/j.bbr.2012.06.024

Dravida, S., Noah, J. A., Zhang, X., & Hirsch, J. (2020). Joint Attention During Live Person-
to-Person Contact Activates rTP], Including a Sub-Component Associated With

181



Spontaneous Eye-to-Eye Contact. Frontiers in Human Neuroscience, 14(June), 1-19.
https://doi.org/10.8389/fnhum.2020.00201

Duane, T. D., & Behrendt, T. (1965). Extrasensory Electroencephalographic Induction
between Identical Twins. Science, 150(3694), 367-367.
https://doi.org/10.1126/science.150.3694.367

Dumas, G., Lachat, F., Martinerie, J., Nadel, J., & George, N. (2011). From social behaviour
to brain synchronization: Review and perspectives in hyperscanning. Irbm, 32(1), 48—
53. https://doi.org/10.1016/j.irbm.2011.01.002

Edwards, L. A. (2014). A Meta-Analysis of Imitation Abilities in Individuals With Autism
Spectrum Disorders. Autism Research, 7(3), 363—380. https://doi.org/10.1002/aur.1879

Ehlis, A. C., Schneider, S., Dresler, T., & Fallgatter, A. J. (2014). Application of functional
near-infrared spectroscopy in psychiatry. In NeuroImage (Vol. 85, pp. 478-488).
Neuroimage. https://doi.org/10.1016/j.neuroimage.2013.03.067

Elsabbagh, M., Divan, G., Koh, Y. J., Kim, Y. S., Kauchali, S., Marcin, C., Montiel-Nava, C.,
Patel, V., Paula, C. S., Wang, C., Yasamy, M. T., & Fombonne, E. (2012). Global
Prevalence of Autism and Other Pervasive Developmental Disorders. Autism
Research, 5(3), 160-179. https://doi.org/10.1002/aur.239

Falck-Ytter, T. (2010). Young children with autism spectrum disorder use predictive eye
movements in action observation. Biology  Letters, 6(3), 375-378.
https://doi.org/10.1098/rsb1.2009.0897

Farmer, H., Ciaunica, A., & Hamilton, A. F. de C. (2018). The functions of imitative
behaviour in humans. Mind & Language, 33(4), 378-396.
https://doi.org/10.1111/mila.12189

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G¥Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behavior
Research Methods, 39(2), 175-191. https://doi.org/10.3758/BF03193146

Ferrari, M., & Quaresima, V. (2012). A brief review on the history of human functional
near-infrared spectroscopy (fNIRS) development and fields of application. In
NeuroImage (Vol. 63, Issue 2, PP- 921-935). Neuroimage.
https://doi.org/10.1016/j.neuroimage.2012.03.049

Fischer-Lokou, J., Martin, A., Guéguen, N., & Lamy, L. (2011). Mimicry and propagation
of prosocial behavior in a natural setting. Psychological Reports, 108(2), 599-605.
https://doi.org/10.2466/07.17.21.PR0.108.2.599-605

Flanagan, J. R., & Johansson, R. S. (20038). Action plans used in action observation. Nature,
424(6950), 769-771. https://doi.org/10.1038/nature01861

Flynn, E., & Smith, K. (2012). Investigating the mechanisms of cultural acquisition: How
pervasive is overimitation in adults? Social Psychology, 43(4), 185-195.
https://doi.org/10.1027/1864-9335/a000119

Forbes, P. A. G., & Hamilton, A. F. de C. (2017). Moving higher and higher: imitators’
movements are sensitive to observed trajectories regardless of action rationality.

182



Experimental Brain Research, 235(9), 2741-2753. https://doi.org/10.1007/s00221-017-
5006-4

Frey, S. H,, & Gerry, V. E. (2006). Modulation of neural activity during observational
learning of actions and their sequential orders. The Journal of Neuroscience: The
Official  Journal of the Society for Neuroscience, 26(51), 13194-13201.
https://doi.org/10.1523/JNEUROSCI1.3914-06.2006

Friston, K. J., Holmes, A. P., Worsley, K. J., Poline, J. -P, Frith, C., & Frackowiak, R. S. J.
(1994). Statistical parametric maps in functional imaging: A general linear approach.
Human Brain Mapping, 2(4), 189-210. https://doi.org/10.1002/hbm.460020402

Frith, U. (2001). Mind Blindness and the Brain in Autism. Neuron, 32(6), 969-979.
https://doi.org/10.1016/S0896-6273(01)00552-9

Frith, U. (2008). Autism: Explaining the enigma, 2nd ed. In Autism: Explaining the enigma,
2nd ed. Blackwell Publishing.

Frith, U., & Frith, C. (2003). Development and neurophysiology of mentalizing.
Philosophical Transactions of the Royal Society B: Biological Sciences, 358(1431), 459—-473.
https://doi.org/10.1098/rstb.2002.1218

Funane, T., Kiguchi, M., Atsumori, H., Sato, H., Kubota, K., & Koizumi, H. (2011).
Synchronous activity of two people’s prefrontal cortices during a cooperative task
measured by simultaneous near-infrared spectroscopy. Journal of Biomedical Optics,
16(7), 077011. https://doi.org/10.1117/1.3602853

Gallagher, H. L., Jack, A. I, Roepstorff, A., & Frith, C. D. (2002). Imaging the intentional
stance in a  competitive game.  Neurolmage, 16(3 1), 814-82l.
https://doi.org/10.1006/nimg.2002.1117

Gallese, V., Rochat, M., Cossu, G., & Sinigaglia, C. (2009). Motor cognition and its role in
the phylogeny and ontogeny of action understanding. Developmental Psychology, 45(1),
103-118. https://doi.org/10.10387/a0014436

Gergely, G., Bekkering, H., & Kiraly, 1. (2002). Developmental psychology: Rational
imitation in preverbal infants. Nature, 415(6873), 755. https://doi.org/10.1088/415755a

Gergely, G., & Csibra, G. (2003). Teleological reasoning in infancy: the naive theory of
rational action. Trends n Cognitive Sciences, 7(7), 287-292.
https://doi.org/10.1016/S1364-6613(03)00128-1

Gergely, G., & Csibra, G. (2020). Sylvia’s Recipe: The Role of Imitation and Pedagogy in
the Transmission of Cultural Knowledge. Roots of Human Sociality, 229-255.
https://doi.org/10.4824/9781003135517-11

Gergely, G., Nadasdy, Z., Csibra, G., & Bir9, S. (1995). Taking the intentional stance at 12
months of age. Cognition, 56(2), 165-193. https://doi.org/10.1016/0010-
0277(95)00661-H

Gilder, T. S. E., & Heerey, E. A. (2018). The Role of Experimenter Belief in Social Priming.
Psychological Science, 095679761773712. https://doi.org/10.1177/0956797617737128

183



Gleibs, I. H., Wilson, N., Reddy, G., & Catmur, C. (2016). Group Dynamics in Automatic
Imitation. PLOS ONE, 11(9), e0162880. https://doi.org/10.1371/journal.pone.0162880

Grafton, S. T., Arbib, M., Fadiga, L., & Rizzolotti, G. (1996). Localization of grasp
representations in humans by positron emission tomography. Experimental Brain
Research, 112(1). https://doi.org/10.1007/BF00227183

Grezes, ]J. (1998). TOP DOWN EFFECT OF STRATEGY ON THE PERCEPTION OF
HUMAN BIOLOGICAL MOTION: A PET INVESTIGATION. Cognitive
Neuropsychology, 15(6-8), 563—582. https://doi.org/10.1080/026432998381023

Greézes, J., Frith, C., & Passingham, R. E. (2004). Brain mechanisms for inferring deceit in
the actions of others. Journal of Neuroscience, 24(24), 5500-5505.
https://doi.org/10.1523/JNEUROSCI.0219-04.2004

Griffiths, D., & Tipper, S. P. (2009). Priming of reach trajectory when observing actions:
Hand-centred effects. Quarterly Journal of Experimental Psychology, 62(12), 2450-2470.
https://doi.org/10.1080/17470210903103059

Grinsted, A., Moore, ]J. C., & Jevrejeva, S. (2004). Application of the cross wavelet
transform and wavelet coherence to geophysical time series. Nonlinear Processes in
Geophysics, 11(5/6), 561-566. https://doi.org/10.5194/npg-11-561-2004

Hale, ]J.,, & Hamilton, A. F. de C. (2016a). Cognitive mechanisms for responding to
mimicry from others. Neuroscience and Biobehavioral Reviews, 63, 106-123.
https://doi.org/10.1016/j.neubiorev.2016.02.006

Hale, J., & Hamilton, A. F. de C. (2016b). Testing the relationship between mimicry, trust
and rapport in virtual reality conversations. Scientific Reports, 6(1), 35295.
https://doi.org/10.1088/srep35295

Hamilton, A. F. de C. (2008). Emulation and mimicry for social interaction: A theoretical
approach to imitation in autism. Quarterly Journal of Experimental Psychology, 61(1),
101-115. https://doi.org/10.1080/17470210701508798

Hamilton, A. F. de C. (2015). Cognitive underpinnings of social interaction. Quarterly
Journal of Experimental Psychology, 68(3), 417-432.
https://doi.org/10.1080/17470218.2014.973424

Hamilton, A. F. de C. (2020). Hype , hyperscanning and embodied social neuroscience.
PsyArXiv, 1-14. https://doi.org/10.81234/0sf.io/rc9wp

Hamilton, A. F. de C., Brindley, R. M., & Frith, U. (2007). Imitation and action
understanding in autistic spectrum disorders: How valid is the hypothesis of a deficit
in the mirror neuron system?  Neuropsychologia, 45(8), 1859-1868.
https://doi.org/10.1016/j.neuropsychologia.2006.11.022

Hamilton, A. F. de C., & Lind, F. (2016). Audience effects: what can they tell us about social
neuroscience, theory of mind and autism? Culture and Brain, 4(2), 159-177.
https://doi.org/10.1007/s40167-016-0044-5

Hasson, U., Ghazanfar, A. A., Galantucci, B., Garrod, S., & Keysers, C. (2012). Brain-to-
brain coupling: A mechanism for creating and sharing a social world. Trends in

184



Cognitive Sciences, 16(2), 114—121. https://doi.org/10.1016/j.tics.2011.12.007

Hatton, D. D., Sideris, J., Skinner, M., Mankowski, J., Bailey, D. B., Roberts, ]J., & Mirrett,
P. (2006). Autistic behavior in children with fragile X syndrome: Prevalence,
stability, and the impact of FMRP. American Journal of Medical Genetics Part A,
140A(17), 1804-1813. https://doi.org/10.1002/ajmg.a.31286

Heyes, C. (2001). Causes and consequences of imitation. Trends in Cognitive Sciences, 5(6),
253-261. https://doi.org/10.1016/S1364-6613(00)01661-2

Heyes, C. (2011). Automatic imitation. Psychological Bulletin, 137(3), 463-483.
https://doi.org/10.1087/a0022288

Heyes, C. (2015). Animal mindreading: what’s the problem? Psychonomic Bulletin & Review,
22(2), 813-327. https://doi.org/10.3758/s13423-014-0704-4

Heyes, C. (2017). When does social learning become cultural learning? Developmental
Science, 20(2), 1-14. https://doi.org/10.1111/desc.12350

Heyes, C. (2021). Imitation. Current Biology, 81(5), R228-R232.
https://doi.org/https://doi.org/10.1016/j.cub.2020.11.071

Heyes, C., & Catmur, C. (2021). What happened to mirror neurons? In Perspectives On
Psychological Science. SAGE Publications Ltd.

Hirsch, J., Zhang, X., Noah, J. A., & Ono, Y. (2017). Frontal temporal and parietal systems
synchronize within and across brains during live eye-to-eye contact. Neurolmage,
157(June), 314-330. https://doi.org/10.1016/j.neuroimage.2017.06.018

Hobson, R. P., & Hobson, J. A. (2008). Dissociable aspects of imitation: A study in autism.
Journal of Experimental Child Psychology, 101(3), 170-185.
https://doi.org/10.1016/j.jecp.2008.04.007

Hobson, R. P., & Lee, A. (1999). Imitation and Identification in Autism. Journal of Child
Psychology and Psychiatry, 40(4), 649-659. https://doi.org/10.1111/1469-7610.00481

Hogeveen, J., Obhi, S. S, Banissy, M. J., Santiesteban, 1., Press, C., Catmur, C., & Bird, G.
(2015). Task-dependent and distinct roles of the temporoparietal junction and
inferior frontal cortex in the control of imitation. Social Cognitive and Affective
Neuroscience, 10(7), 1008-1009. https://doi.org/10.1093/scan/nsul48

Holper, L., Scholkmann, F., & Wolf, M. (2012). Between-brain connectivity during
imitation measured by fNIRS. Neurolmage, 63(1), 212-222.
https://doi.org/10.1016/j.neuroimage.2012.06.028

Horner, V., & Whiten, A. (2005). Causal knowledge and imitation/emulation switching in
chimpanzees (Pan troglodytes) and children (Homo sapiens). Animal Cognition, 8(3),
164-181. https://doi.org/10.1007/s10071-004-0239-6

Hull, L., Petrides, K. V., Allison, C., Smith, P., Baron-Cohen, S., Lai, M.-C., & Mandy, W.
(2017). “Putting on My Best Normal”: Social Camouflaging in Adults with Autism
Spectrum Conditions. Journal of Autism and Developmental Disorders, 47(8), 2519-2534.
https://doi.org/10.1007/s10803-017-3166-5

185



Huppert, T.]., Diamond, S. G., Franceschini, M. A., & Boas, D. A. (2009). HomER: A review
of time-series analysis methods for near-infrared spectroscopy of the brain. Applied
Optics, 48(10). https://doi.org/10.1364/A0.48.00D280

Iacoboni, M. (1999). Cortical Mechanisms of Human Imitation. Science, 286(5449), 2526—
2528. https://doi.org/10.1126/science.286.5449.2526

Iacoboni, M. (2005). Neural mechanisms of imitation. In Current Opinion in Neurobiology
(Vol. 15, Issue 6, pp. 632-637). https://doi.org/10.1016/j.conb.2005.10.010

Iacoboni, M., & Dapretto, M. (2006). The mirror neuron system and the consequences of
its dysfunction. Nature Reviews Neuroscience, 7(12), 942-951.
https://doi.org/10.1038/nrn2024

Izuma, K., Saito, D. N., & Sadato, N. (2010). The roles of the medial prefrontal cortex and
striatum in reputation processing. Social Neuroscience, 5(2), 133-147.

Jang, J., Matson, J. L., Williams, L. W., Tureck, K., Goldin, R. L., & Cervantes, P. E. (2013).
Rates of comorbid symptoms in children with ASD, ADHD, and comorbid ASD and
ADHD. Research n Developmental Disabilities, 34(8), 2369-2378.
https://doi.org/10.1016/j.ridd.2013.04.021

Jastorff, J., Clavagnier, S., Gergely, G., & Orban, G. A. (2011). Neural mechanisms of
understanding rational actions: Middle temporal gyrus activation by contextual
violation. Cerebral Cortex, 21(2), 318—329. https://doi.org/10.1093/cercor/bhq098

Jiang, J., Dai, B, Peng, D., Zhu, C., Liu, L., & Lu, C. (2012). Neural Synchronization during
Face-to-Face Communication. Journal of Neuroscience, 32(45), 16064-16069.
https://doi.org/10.1523/JNEUROSCI.2926-12.2012

Jobsis, F. F. (1977). Noninvasive, infrared monitoring of cerebral and myocardial oxygen
sufficiency and circulatory parameters. Science, 198(4323), 1264-1266.
https://doi.org/10.1126/science.929199

Johnson, M. H., Gliga, T., Jones, E. J. H., & Charman, T. (2015). Annual research review:
Infant development, autism, and ADHD - Early pathways to emerging disorders.
Journal of Child Psychology and Psychiatry and Allied Disciplines, 56(3), 228-247.
https://doi.org/10.1111/jcpp.12328

Jolliffe, T., & Baron-Cohen, S. (1999). The Strange Stories Test: a replication with high-
functioning adults with autism or Asperger syndrome. Journal of Autism and
Developmental Disorders, 29(5), 395-406. https://doi.org/10.1023/a:1023082928366

Jones, S. S. (2009). The development of imitation in infancy. Philosophical Transactions of
the  Royal  Society  B:  Biological  Sciences, 364(1528), 2325-2335.
https://doi.org/10.1098/rstb.2009.0045

Jones, V., & Prior, M. (1985). Motor imitation abilities and neurological signs in autistic
children. Journal of Autism and Developmental Disorders, 15(1), 37-46.
https://doi.org/10.1007/BF01837897

Kanner, L. (1943). Autistic disturbances of affective contact. Nervous Child, 2, 217-250.

186



Kenny, L., Hattersley, C., Molins, B., Buckley, C., Povey, C., & Pellicano, E. (2016). Which
terms should be used to describe autism? Perspectives from the UK autism
community. Autism, 20(4), 442-462. https://doi.org/10.1177/1362361315588200

Keupp, S., Behne, T., & Rakoczy, H. (2013). Why do children overimitate? Normativity is
crucial.  Journal of  Experimental  Child  Psychology, 116(2), 392-406.
https://doi.org/10.1016/j.jecp.2013.07.002

Keupp, S., Behne, T., Zachow, J., Kasbohm, A., & Rakoczy, H. (2015). Over-imitation is not
automatic: Context sensitivity in children’s overimitation and action interpretation
of causally irrelevant actions. Journal of Experimental Child Psychology, 130, 163—175.
https://doi.org/10.1016/j.jecp.2014.10.005

Kilner, J. M., Neal, A., Weiskopf, N., Friston, K. J., & Frith, C. (2009). Evidence of Mirror
Neurons in Human Inferior Frontal Gyrus. The Journal of Neuroscience, 29(32), 10153—
10159. https://doi.org/10.1523/jneurosci.2668-09.2009

Kim,]. A., Szatmari, P., Bryson, S. E., Streiner, D. L., & Wilson, F. J. (2000). The Prevalence
of Anxiety and Mood Problems among Children with Autism and Asperger
Syndrome. Autism, 4(2), 117-132. https://doi.org/10.1177/1362361300004002002

Kingsbury, L., Huang, S., Wang, ]J., Gu, K., Golshani, P., Wu, Y. E., & Hong, W. (2019).
Correlated Neural Activity and Encoding of Behavior across Brains of Socially
Interacting Animals. Cell, 178(2), 429-446.¢16.
https://doi.org/10.1016/j.cell.2019.05.022

Klin, A., Jones, W., Schultz, R. T\, Volkmar, F., & Cohen, D. (2002). Visual Fixation Patterns
During Viewing of Naturalistic Social Situations as Predictors of Social Competence
in Individuals With Autism. Archives of General Psychiatry, 59(9), 809.
https://doi.org/10.1001/archpsyc.59.9.809

Koike, T., Sumiya, M., Nakagawa, E., Okazaki, S., & Sadato, N. (2019). What makes eye
contact special? Neural substrates of on-line mutual eye-gaze: A hyperscanning fMRI
study. ENeuro, 6(1). https://doi.org/10.1523/ENEURO.0284-18.2019

Koike, T., Tanabe, H. C., & Sadato, N. (2015). Hyperscanning neuroimaging technique to
reveal the “two-in-one” system in social interactions. Neuroscience Research, 90, 25—
32. https://doi.org/10.1016/j.neures.2014.11.006

Konvalinka, 1., & Roepstorff, A. (2012). The two-brain approach: How can mutually
interacting brains teach us something about social interaction? Frontiers in Human
Neuroscience, 6(JULY), 1-10. https://doi.org/10.8389/fnhum.2012.00215

Koski, L., Wohlschlager, A., Bekkering, H., Woods, R., Dubeau, M.-C., Mazziotta, . C., &
Iacoboni, M. (2002). Modulation of Motor and Premotor Activity during Imitation
of Target-directed Actions. Cerebral Cortez, 12(8), 847-855.
https://doi.org/10.1098/cercor/12.8.847

Kouzakova, M., van Baaren, R., & van Knippenberg, A. (2010). Lack of behavioral
imitation in human interactions enhances salivary cortisol levels. Hormones and
Behavior, 57(4-5), 421-426. https://doi.org/10.1016/j.yhbeh.2010.01.011

Krams, M., Rushworth, M. F. S., Deiber, M.-P., Frackowiak, R. S. J., & Passingham, R. E.

187



(1998). The preparation, execution and suppression of copied movements in the
human brain. Experimental Brain Research, 120(3), 386-398.
https://doi.org/10.1007/s002210050412

Krishnan-Barman, S., Forbes, P. A. G., & Hamilton, A. F. de C. (2017). How can the study
of action kinematics inform our understanding of human social interaction?
Neuropsychologia, January, 0-1.
https://doi.org/10.1016/j.neuropsychologia.2017.01.018

Krishnan-Barman, S., & Hamilton, A. F. de C. (2019). Adults imitate to send a social signal.
Cognition, 187, 150-155. https://doi.org/10.1016/j.cognition.2019.03.007

Kuhlen, A. K., & Brennan, S. E. (2013). Language in dialogue: When confederates might
be hazardous to your data. Psychonomic Bulletin and Review, 20(1), 54-72.
https://doi.org/10.3758/s18423-012-0341-8

Lakin, J. L., & Chartrand, T. L. (2003). Using Nonconscious Behavioral Mimicry to Create
Affiliation and Rapport. Psychological Science, 14(4), 334-339.
https://doi.org/10.1111/1467-9280.14481

Lakin, J. L., Jefferis, V. E., Cheng, C. M., & Chartrand, T. L. (2003). The Chameleon Effect
as Social Glue: Evidence for the Evolutionary Significance of Nonconscious
Mimicry. Journal of Nonverbal Behavior, 27(3), 145-162.
https://doi.org/10.1023/A:1025389814290

Le Couteur, A. L., Gottesman, 1., Bolton, P., Simonoff, E., Yuzda, E., Rutter, M., & Bailey,
A. (1995). Autism as a strongly genetic disorder evidence from a british twin Study.
Psychological Medicine, 25(1), 63—77. https://doi.org/10.1017/S0033291700028099

Leary, M. R. (1987). Interaction Anxiousness Scale. 1983, 1983.

Lewkowicz, D. J. (2001). The Concept of Ecological Validity: What are Its Limitations and
is It Bad to Be Invalid? Infancy, 2(4), 437-450.
https://doi.org/10.1207/S515327078IN0204_03

Libby, S., Powell, S., Messer, D., & Jordan, R. (1997). Imitation of Pretend Play Acts by
Children with Autism and Down Syndrome. Journal of Autism and Developmental
Disorders, 27(4), 365-383. https://doi.org/10.1023/A:1025801304279

Licari, M. K,, Alvares, G. A., Varcin, K., Evans, K. L., Cleary, D., Reid, S. L., Glasson, E. J.,
Bebbington, K., Reynolds, J. E., Wray, J., & Whitehouse, A. J. O. (2020). Prevalence of
Motor Difficulties in Autism Spectrum Disorder: Analysis of a Population-Based
Cohort. Autism Research, 13(2), 298—306. https://doi.org/10.1002/aur.2230

Liu, N., Mok, C., Witt, E. E., Pradhan, A. H., Chen, J. E., & Reiss, A. L. (2016). Nirs-based
hyperscanning reveals inter-brain neural synchronization during cooperative jenga
game with face-to-face communication. Frontiers in Human Neuroscience,
10(MAR2016), 1-11. https://doi.org/10.3389/fnhum.2016.00082

Lord, C., Brugha, T. S., Charman, T., Cusack, J., Dumas, G., Frazier, T., Jones, E. J. H.,
Jones, R. M., Pickles, A., State, M. W., Taylor, ]. L., & Veenstra-VanderWeele, ]. (2020).
Autism  spectrum  disorder.  Nature  Reviews  Disease  Primers,  6(1).
https://doi.org/10.1088/s41572-019-0138-4

188



Lord, C., Risi, S., Lambrecht, L., Cook, E. H. J., Leventhal, B. L., DiLavore, P. C., Pickles,
A., & Rutter, M. (2000). The autism diagnostic observation schedule-generic: a
standard measure of social and communication deficits associated with the spectrum
of autism. Journal of Autism and Developmental Disorders, 30(3), 205—223.

Lord, C., Rutter, M., DiLavore, P. C., Risi, S., Gotham, K., & Bishop, S. (2012). Autism
Diagnostic Observation Schedule (2nd ed.). Western Psychological Services.

Losin, E. A. R,, Iacoboni, M., Martin, A., & Dapretto, M. (2012). Own-gender imitation
activates the brain’s reward circuitry. Social Cognitive and Affective Neuroscience, 7(7),
804—-810. https://doi.org/10.1093/scan/nsr055

Lyons, D. E., Damrosch, D. H., Lin, ]J. K., Macris, D. M., & Keil, F. C. (2011). The scope and
limits of overimitation in the transmission of artefact culture. Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences, 366(1567), 1158—
1167. https://doi.org/10.1098/rstb.2010.0335

Lyons, D. E., Young, A. G., & Keil, F. C. (2007). The hidden structure of overimitation.
Proceedings of the National Academy of Sciences of the United States of America, 104(50),
19751-19756. https://doi.org/10.1078/pnas.0704452104

Marsh, L. E., Bird, G., & Catmur, C. (2016). The imitation game: Effects of social cues on
‘imitation’ are domain-general in nature. Neurolmage, 139, 368-375.
https://doi.org/10.1016/j.neuroimage.2016.06.050

Marsh, L. E., & Hamilton, A. F. de C. (2011). Dissociation of mirroring and mentalising
systems in autism. Neurolmage, 56(3), 1511-1519.
https://doi.org/10.1016/j.neuroimage.2011.02.003

Marsh, L. E., Mullett, T. L., Ropar, D., & Hamilton, A. F. de C. (2014). Responses to
irrational actions in action observation and mentalising networks of the human
brain. NeuroImage, 103, 81-90. https://doi.org/10.1016/j.neuroimage.2014.09.020

Marsh, L. E., Pearson, A., Ropar, D., & Hamilton, A. F. de C. (2013). Children with autism
do not overimitate. Current Biology, 23(7), R266-R268.
https://doi.org/10.1016/j.cub.2013.02.036

Marsh, L. E., Pearson, A., Ropar, D., & Hamilton, A. F. de C. (2015). Predictive Gaze During
Observation of Irrational Actions in Adults with Autism Spectrum Conditions.
Journal of  Autism and  Developmental  Disorders, 145(1), 245-261.
https://doi.org/10.1007/s10803-014-2215-6

Marsh, L. E., Ropar, D., & Hamilton, A. F. de C. (2014). The social modulation of imitation
fidelity in school-age children. PLoS ONE, 9(1).
https://doi.org/10.1371/journal.pone.0086127

Marsh, L. E., Ropar, D., & Hamilton, A. F. de C. (2019). Are you watching me? The role of
audience and object novelty in overimitation. Journal of Experimental Child Psychology,
180, 123-130. https://doi.org/10.1016/]. JECP.2018.12.010

Matson, J. L., & Shoemaker, M. (2009). Intellectual disability and its relationship to autism
spectrum disorders. In Research in Developmental Disabilities (Vol. 30, Issue 6, pp. 1107-
1114). Res Dev Disabil. https://doi.org/10.1016/j.ridd.2009.06.003

189



Mazziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., Zilles, K., Woods, R., Paus, T.,
Simpson, G., Pike, B., Holmes, C., Collins, L., Thompson, P., MacDonald, D.,
Iacoboni, M., Schormann, T., Amunts, K., Palomero-Gallagher, N., Geyer, S., ..
Mazoyer, B. (2001). A probabilistic atlas and reference system for the human brain:
International Consortium for Brain Mapping (ICBM). Philosophical Transactions of the
Royal Society of London. Series B: Biological Sciences, 356(1412), 1293-1322.
https://doi.org/10.1098/rstb.2001.0915

McEllin, L., Sebanz, N., & Knoblich, G. (2018). Identifying others’ informative intentions
from movement kinematics. Cognition, 180, 246-258.
https://doi.org/10.1016/].COGNITION.2018.08.001

McGuigan, N., Makinson, J., & Whiten, A. (2011). From over-imitation to super-copying:
Adults imitate causally irrelevant aspects of tool use with higher fidelity than young
children. British Journal of Psychology, 102(1), 1-18.
https://doi.org/10.1348/000712610X493115

McGuigan, N., Whiten, A., Flynn, E., & Horner, V. (2007). Imitation of causally opaque
versus causally transparent tool use by 3- and 5-year-old children. Cognitive
Development, 22(3), 353—364. https://doi.org/10.1016/j.cogdev.2007.01.001

McKenzie, B., & Over, R. (1983). Young infants fail to imitate facial and manual gestures.
Infant Behavior and Development, 6(1), 85-95. https://doi.org/10.1016/S0163-
6383(83)80011-3

Meltzoff, A. N. (1988). Infant imitation after a 1-week delay: Long-term memory for novel
acts and multiple stimuli. Developmental  Psychology, 24(4), 470-476.
https://doi.org/10.1037/0012-1649.24.4.470

Meltzoff, A. N. (2005). Imitation and Other Minds: The “Like Me” Hypothesis. In
Perspectives on imitation: From neuroscience to social science: Vol. 2: Imitation, human
development, and culture. (pp. 55-77). MIT Press.

Meltzoff, A. N., & Moore, M. K. (1977). Imitation of Facial and Manual Gestures by Human
Neonates. In Science (Vol. 198, Issue 4312, PP- 75-78).
https://doi.org/10.1126/science.198.4312.75

Mengotti, P., Corradi-Dell’Acqua, C., & Rumiati, R. I. (2012). Imitation components in the
human brain: An fMRI study. Neurolmage, 59(2), 1622-1630.
https://doi.org/10.1016/j.neuroimage.2011.09.004

Molenberghs, P., Cunnington, R., & Mattingley, J. B. (2009). Is the mirror neuron system
involved in imitation? A short review and meta-analysis. Neuroscience and
Biobehavioral Reviews, 33(7), 975-980.
https://doi.org/10.1016/j.neubiorev.2009.03.010

Molnar-Szakacs, 1., lacoboni, M., Koski, L., & Mazziotta, J. C. (2005). Functional
Segregation within Pars Opercularis of the Inferior Frontal Gyrus: Evidence from
fMRI Studies of Imitation and Action Observation. Cerebral Cortex, 15(7), 986—994.
https://doi.org/10.1098/cercor/bhh199

Mondillon, L., Niedenthal, P. M., Gil, S., & Droit-Volet, S. (2007). Imitation of in-group
versus out-group members’ facial expressions of anger: A test with a time perception

190



task. Social Neuroscience, 2(3—4), 223-237. https://doi.org/10.1080/17470910701376894

Montague, P. R., Berns, G. S., Cohen, ]J. D., McClure, S. M., Pagnoni, G., Dhamala, M.,
Wiest, M. C., Karpov, I, King, R. D., Apple, N., & Fisher, R. E. (2002). Hyperscanning:
Simultaneous fMRI during Linked Social Interactions. Neurolmage, 16(4), 1159-1164.
https://doi.org/10.1006/nimg.2002.1150

Mukamel, R., Ekstrom, A. D., Kaplan, J., Iacoboni, M., & Fried, 1. (2010). Single-Neuron
Responses in Humans during Execution and Observation of Actions. Current Biology,
20(8), 750-756. https://doi.org/10.1016/j.cub.2010.02.045

Miller-Pinzler, L., Gazzola, V., Keysers, C., Sommer, J., Jansen, A., Frassle, S., Einhauser,
W., Paulus, F. M., & Krach, S. (2015). Neural pathways of embarrassment and their
modulation by social anxiety. NeuroImage, 119, 252-261.
https://doi.org/10.1016/j.neuroimage.2015.06.036

Miller, B. C. N., Maaskant, A. J., van Baaren, R., & Dijksterhuis, A. (2012). Prosocial
Consequences  of  Imitation.  Psychological = Reports,  110(38),  891-898.
https://doi.org/10.2466/07.09.21.PR0.110.3.891-898

Nadel, J. (2002). Imitation and imitation recognition : Functional use in preverbal infants
and nonverbal children with autism. The Imitative Mind Development Evolution and
Brain, 42—-62. https://doi.org/10.1017/CB09780511489969.003

Nielsen, M., & Blank, C. (2011). Imitation in young children: When who gets copied is
more important than what gets copied. Developmental Psychology, 47(4), 10560-1053.
https://doi.org/10.1087/a0023866

Nielsen, M., Simcock, G., & Jenkins, L. (2008). The effect of social engagement on 24-
month-olds’ imitation from live and televised models. Developmental Science, 11(5),
722-731. https://doi.org/10.1111/j.1467-7687.2008.00722.x

Nishitani, N., & Hari, R. (2000). Temporal dynamics of cortical representation for action.
Proceedings  of the  National Academy of  Sciences, 97(2), 913-918.
https://doi.org/10.1073/pnas.97.2.913

Nishitani, N., & Hari, R. (2002). Viewing Lip Forms. Neuron, 36(6), 1211-1220.
https://doi.org/10.1016/S0896-6273(02)01089-9

Noah, J. A,, Ono, Y., Nomoto, Y., Shimada, S., Tachibana, A., Zhang, X., Bronner, S., &
Hirsch, J. (2015). fMRI Validation of {NIRS Measurements During a Naturalistic Task.
Journal of Visualized Experiments, 100. https://doi.org/10.3791/52116

Nozawa, T., Sasaki, Y., Sakaki, K., Yokoyama, R., & Kawashima, R. (2016). Interpersonal
frontopolar neural synchronization in group communication: An exploration
toward fNIRS hyperscanning of natural interactions. Neurolmage, 133, 484—497.
https://doi.org/10.1016/j.neuroimage.2016.03.059

Oliver, D., Tachtsidis, 1., & Hamilton, A. F. de C. (2017). The role of parietal cortex in
overimitation: a study with  fNIRS. Social ~ Neuroscience, 1-12.
https://doi.org/10.1080/17470919.2017.1285812

Oostenbroek, J., Suddendorf, T., Nielsen, M., Redshaw, ]., Kennedy-Costantini, S., Davis,

191



J., Clark, S., & Slaughter, V. (2016). Comprehensive longitudinal study challenges the
existence of neonatal imitation in humans. Current Biology, 26(10), 1334-1338.
https://doi.org/10.1016/j.cub.2016.03.047

Osaka, N., Minamoto, T\, Yaoi, K., Azuma, M., & Osaka, M. (2014). Neural Synchronization
During Cooperated Humming: A Hyperscanning Study Using fNIRS. Procedia -
Social and Behavioral Sciences, 126, 241-243.
https://doi.org/10.1016/j.sbspro.2014.02.395

Over, H., & Carpenter, M. (2012). Putting the social into social learning: Explaining both
selectivity and fidelity in children’s copying behavior. Journal of Comparative
Psychology, 126(2), 182-192. https://doi.org/10.1087/a0024555

Over, H., & Carpenter, M. (2013). The Social Side of Imitation. Child Development
Perspectives, 7(1), 6-11. https://doi.org/10.1111/cdep.12006

Pan, X., & Hamilton, A. F. de C. (2015). Automatic imitation in a rich social context with
virtual characters. Frontiers n Psychology, 6(June), 790.
https://doi.org/10.83389/{psyg.2015.00790

Patel, D., Fleming, S. M., & Kilner, J. M. (2012). Inferring subjective states through the
observation of actions. Proceedings of the Royal Society B: Biological Sciences, 279(1748),
4853-4860. https://doi.org/10.1098/rspb.2012.1847

Patil, A. V., Safaie, ]J., Moghaddam, H. A., Wallois, F., & Grebe, R. (2011). Experimental
investigation of NIRS spatial sensitivity. Biomedical Optics Express, 2(6), 1478.
https://doi.org/10.1364/boe.2.001478

Pelphrey, K. A., Sasson, N. ]J., Reznick, J. S., Paul, G., Goldman, B. D., & Piven, J. (2002).
Visual Scanning of Faces in Autism. Journal of Autism and Developmental Disorders,
32(4), 249-261. https://doi.org/10.1023/A:1016374617369

Pelphrey, K. A., Singerman, J. D., Allison, T., & McCarthy, G. (2003). Brain activation
evoked by perception of gaze shifts: The influence of context. Neuropsychologia, 41(2),
156-170. https://doi.org/10.1016/S0028-3932(02)00146-X

Pfister, R., Dignath, D., Hommel, B., & Kunde, W. (2013). It Takes Two to Imitate:
Anticipation and Imitation in Social Interaction. Psychological Science, 24(10), 2117—
2121. https://doi.org/10.1177/0956797613489139

Pinti, P., Devoto, A., Greenhalgh, 1., Tachtsidis, 1., Burgess, P. W., & Hamilton, A. F. de C.
(2020). Interpersonal Synchrony Special Issue The role of anterior prefrontal cortex
(area 10) in face-to-face deception measured with fNIRS. Social Cognitive and Affective
Neuroscience, May, 1-14. https://doi.org/10.1093/scan/nsaa086

Pinti, P., Scholkmann, F., Hamilton, A. F. de C., Burgess, P. W., & Tachtsidis, 1. (2019).
Current Status and Issues Regarding Pre-processing of fNIRS Neuroimaging Data:
An Investigation of Diverse Signal Filtering Methods Within a General Linear Model
Framework.  Frontiers  in  Human  Neuroscience, 12(January), 1-21.
https://doi.org/10.3389/fnhum.2018.00505

Pinti, P., Tachtsidis, I., Hamilton, A. F. de C., Hirsch, J., Aichelburg, C., Gilbert, S., &
Burgess, P. W. (2020). The present and future use of functional near-infrared

192



spectroscopy (fNIRS) for cognitive neuroscience. Annals of the New York Academy of
Sciences, 1464(1), 5-29. https://doi.org/10.1111/nyas.13948

Press, C., Richardson, D. C., & Bird, G. (2010). Intact imitation of emotional facial actions
in autism  spectrum conditions.  Neuropsychologia, 48(11), 3291-3297.
https://doi.org/10.1016/j.neuropsychologia.2010.07.012

Ramachandran, V. S., & Oberman, L. M. (2006). Broken Mirrors: A Theory of Autism.
Scientific American, 295(5), 62—69. https://doi.org/10.1038/scientificamerican1106-62

Risko, E. F., Laidlaw, K. E. W., Freeth, M., Foulsham, T., & Kingstone, A. (2012). Social
attention with real versus reel stimuli: toward an empirical approach to concerns

about ecological validity. Frontiers in Human Neuroscience, 6(May), 1-11.
https://doi.org/10.38389/fnhum.2012.00143

Risko, E. F., Richardson, D. C., & Kingstone, A. (2016). Breaking the Fourth Wall of
Cognitive Science. Current Directions 1in Psychological Science, 25(1), 70-74.
https://doi.org/10.1177/0963721415617806

Rizzolotti, G., & Craighero, L. (2004). THE MIRROR-NEURON SYSTEM. Annual Review
of Neuroscience, 27(1), 169-192.
https://doi.org/10.1146/annurev.neuro.27.070203.144230

Rizzolotti, G., Fadiga, L., Gallese, V., & Fogassi, L. (1996). Premotor cortex and the
recognition of motor actions. Cognitive Brain Research, 3(2), 131-141.
https://doi.org/10.1016/0926-6410(95)00038-0

Rizzolotti, G., Fogassi, L., & Gallese, V. (2001). Neurophysiological mechanisms
underlying the understanding and imitation of action. Nature Reviews Neuroscience,
2(9), 661-670. https://doi.org/10.1038/35090060

Rizzolotti, G., & Sinigaglia, C. (2010). The functional role of the parieto-frontal mirror
circuit: interpretations and misinterpretations. Nature Reviews Neuroscience, 11(4),
264—-274. https://doi.org/10.1038/nrn2805

Rogers, S. ., & Pennington, B. F. (1991). A theoretical approach to the deficits in infantile
autism. Development and Psychopathology, 3(2), 187-162.
https://doi.org/10.1017/S0954579400000043

Romanes, G. ]J. (1884). “Mental Evolution in Animals.” Nature, 29(745), 336-336.
https://doi.org/10.1038/029336a0

Rorden, C., & Brett, M. (2000). Stereotaxic Display of Brain Lesions. Behavioural
Neurology, 12(4), 191-200. https://doi.org/10.1155/2000/421719

Rosenberg, M. (1965). Society and the adolescent self-image. In Princeton, NJ: Princeton
University Press (Vol. 148, Issue 3671). https://doi.org/10.1126/science.148.3671.804

Rosenthal, R. (1966). Experimenter effects in behavioral research. [BOOK]. Appleton-Century-
Crofts.

Rutter, M., Bailey, A., & Lord, C. (2003). Social communication questionnaire (SCQ). Western
Psychological Services.

193



Rutter, M., & Thapar, A. (2014). Genetics of Autism Spectrum Disorders. In F. Volkmar,
R. Paul, S. J. Rogers, & K. . Pelphry (Eds.), Handbook of Autism and Pervasive
Developmental Disorders (Fourth). American Cancer Society.
https://doi.org/10.1002/9781118911389.HAUTC17

Santiesteban, 1., Banissy, M. J., Catmur, C., & Bird, G. (2012). Enhancing social ability by
stimulating right temporoparietal junction. Current Biology, 22(23), 2274-2277.
https://doi.org/10.1016/j.cub.2012.10.018

Santiesteban, 1., Banissy, M. J., Catmur, C., & Bird, G. (2015). Functional lateralization of
temporoparietal junction - imitation inhibition, visual perspective-taking and
theory of mind. European Journal of Neuroscience, 42(8), 2527-2533.
https://doi.org/10.1111/ejn.18036

Saxe, R., Xiao, D. K., Kovacs, G., Perrett, D. 1., & Kanwisher, N. (2004). A region of right
posterior superior temporal sulcus responds to observed intentional actions.
Neuropsychologia, 42(11), 1435-1446.
https://doi.org/10.1016/j.neuropsychologia.2004.04.015

Schilbach, L., Eickhoff, S. B., Cieslik, E. C., Kuzmanovic, B., & Vogeley, K. (2012). Shall we
do this together? Social gaze influences action control in a comparison group, but
not in individuals with high-functioning autism. Autism, 16(2), 151-162.
https://doi.org/10.1177/1362361311409258

Schilbach, L., Timmermans, B., Reddy, V., Costall, A., Bente, G., Schlicht, T., & Vogeley,
K. (2018). Toward a second-person neuroscience. Behavioral and Brain Sciences, 36(4),
393-414. https://doi.org/10.1017/S0140525X12000660

Scholkmann, F., Holper, L., Wolf, U., & Wolf, M. (2013). A new methodical approach in
neuroscience: Assessing inter-personal brain coupling using functional near-
infrared imaging (fNIRI) hyperscanning. Frontiers in Human Neuroscience, 7/(NOV), 1-
6. https://doi.org/10.3389/fnhum.2013.00813

Scholkmann, F., Kleiser, S., Metz, A. J., Zimmermann, R., Mata Pavia, J., Wolf, U., & Wolf,
M. (2014). A review on continuous wave functional near-infrared spectroscopy and
imaging instrumentation and methodology.  Neurolmage, 85, 6-27.
https://doi.org/10.1016/j.neuroimage.2013.05.004

Schulte-Ruther, M., Otte, E., Adiguzel, K., Firk, C., Herpertz-Dahlmann, B., Koch, I, &
Konrad, K. (2017). Intact mirror mechanisms for automatic facial emotions in
children and adolescents with autism spectrum disorder. Autism Research, 10(2), 298—
310. https://doi.org/10.1002/aur.1654

Schunke, O., Schéttle, D., Vettorazzi, E., Brandt, V., Kahl, U., Biumer, T., Ganos, C., David,
N., Peiker, 1., Engel, A. K., Brass, M., & Miinchau, A. (2016). Mirror me: Imitative
responses in adults with autism. Autism, 20(2), 184-144.
https://doi.org/10.1177/1362361315571757

Senju, A., & Johnson, M. H. (2009). The eye contact effect: mechanisms and development.
Trends in Cognitive Sciences, 13(3), 127-134. https://doi.org/10.1016/j.tics.2008.11.009

Senju, A., Southgate, V., White, S., & Frith, U. (2009). Mindblind Eyes: An Absence of
Spontaneous Theory of Mind in Asperger Syndrome. Science, 325(5942), 883—-885.

194



https://doi.org/10.1126/science.1176170

Sevlever, M., & Gillis, J. M. (2010). An examination of the state of imitation research in
children with autism: Issues of definition and methodology. Research in Developmental
Disabilities, 31(5), 976—984. https://doi.org/10.1016/j.ridd.2010.04.014

Simonoff, E., Pickles, A., Charman, T., Chandler, S., Loucas, T., & Baird, G. (2008).
Psychiatric disorders in children with autism spectrum disorders: Prevalence,
comorbidity, and associated factors in a population-derived sample. Journal of the
American  Academy of Child and Adolescent Psychiatry, 47(8), 921-929.
https://doi.org/10.1097/CHI.0b013e318179964f

Sirigu, A., Daprati, E., Ciancia, S., Giraux, P., Nighoghossian, N., Posada, A., & Haggard, P.
(2004). Altered awareness of voluntary action after damage to the parietal cortex.
Nature Neuroscience, 7(1), 80—84. https://doi.org/10.1038/nn1160

Somerville, L. H., Jones, R. M., Ruberry, E. J., Dyke, ]J. P., Glover, G., & Casey, B. J. (2013).
The Medial Prefrontal Cortex and the Emergence of Self-Conscious Emotion in
Adolescence. Psychological Science, 24(8), 1554-1562.
https://doi.org/10.1177/0956797613475633

Sommer, K., Davidson, R., Armitage, K. L., Slaughter, V., Wiles, J., & Nielsen, M. (2020).
Preschool children overimitate robots, but do so less than they overimitate humans.
Journal of Experimental Child Psychology, 191, 104702.
https://doi.org/10.1016/j.jecp.2019.104702

Southgate, V., Begus, K., Lloyd-Fox, S., di Gangi, V., & Hamilton, A. F. de C. (2014). Goal
representation in the infant brain. Neurolmage, 85, 294-301.
https://doi.org/10.1016/j.neuroimage.2013.08.043

Southgate, V., & Hamilton, A. F. de C. (2008). Unbroken mirrors: challenging a theory of
Autism. Trends n Cognitive Sciences, 12(Figure 3), 295-229.
https://doi.org/10.1016/j.tics.2008.03.005

Sowden, S., & Catmur, C. (2015). The Role of the Right Temporoparietal Junction in the
Control of Imitation. Cerebral Cortezx, 25(4), 1107-1113.
https://doi.org/10.1098/cercor/bht306

Sowden, S., Koehne, S., Catmur, C., Dziobek, 1., & Bird, G. (2016). Intact Automatic
Imitation and Typical Spatial Compatibility in Autism Spectrum Disorder:
Challenging the Broken Mirror Theory. Autism Research, 9(2), 292-300.
https://doi.org/10.1002/aur.1511

Spengler, S., Bird, G., & Brass, M. (2010). Hyperimitation of Actions Is Related to Reduced
Understanding of Others’ Minds in Autism Spectrum Conditions. Biological
Psychiatry, 68(12), 1148—-1155. https://doi.org/10.1016/j.biopsych.2010.09.017

Spengler, S., Brass, M., Kithn, S., & Schiitz-Bosbach, S. (2010). Minimizing motor mimicry
by myself: Self-focus enhances online action-control mechanisms during motor

contagion. Consciousness and Cognition, 19(1), 98-106.
https://doi.org/10.1016/j.concog.2009.12.014

Spengler, S., von Cramon, D. Y., & Brass, M. (2010). Resisting motor mimicry: Control of

195



imitation involves processes central to social cognition in patients with frontal and
temporo-parietal lesions. Social Neuroscience, 5(4), 401-416.
https://doi.org/10.1080/17470911003687905

Steffenburg, S., Gillberg, C., Hellgren, L., Andersson, L., Gillberg, I. C., Jakobsson, G., &
Bohman, M. (1989). A Twin Study of Autism in Denmark, Finland, Iceland, Norway
and Sweden. Journal of Child Psychology and Psychiatry, 30(3), 405-416.
https://doi.org/10.1111/j.1469-7610.1989.tb00254.x

Stegmann, U. E. (2013). Animal Communication Theory: Information and Influence (Issue
April). Cambridge University Press.

Stel, M., van Baaren, R., & Vonk, R. (2008). Effects of mimicking: acting prosocially by
being emotionally moved. European Journal of Social Psychology, 38(6), 965—976.
https://doi.org/10.1002/ejsp.472

Stel, M., & Vonk, R. (2010). Mimicry in social interaction: Benefits for mimickers,
mimickees, and their interaction. British Journal of Psychology, 101(2), 311-323.
https://doi.org/10.1848/000712609X465424

Stengelin, R.,, Hepach, R., & Haun, D. B. M. (2019). Being Observed Increases
Overimitation in Three Diverse Cultures. Developmental Psychology, 55(12), 2630—
2636. https://doi.org/10.1037/devO000832

Stewart, M. E., Barnard, L., Pearson, J., Hasan, R., & O’Brien, G. (2006). Presentation of
depression in autism and Asperger syndrome: A review. In Autism (Vol. 10, Issue 1,
pp- 103-116). Sage  PublicationsSage = CA: Thousand Oaks, CA.
https://doi.org/10.1177/1362361306062013

Subiaul, F. (2016). What’s Special about Human Imitation? A Comparison with
Enculturated Apes. Behavioral Sciences, 6(3), 13. https://doi.org/10.3390/bs6030013

Suzuki, N., Takeuchi, Y., Ishii, K., & Okada, M. (2003). Effects of echoic mimicry using
hummed sounds on human-computer interaction. Speech Communication, 40(4),
559-573. https://doi.org/10.1016/S0167-6393(02)00180-2

Tachtsidis, 1., & Scholkmann, F. (2016). False positives and false negatives in functional
near-infrared spectroscopy: issues, challenges, and the way forward. Neurophotonics,
3(3), 030401. https://doi.org/10.1117/1.NPh.3.3.030401

Tak, S., Uga, M., Flandin, G., Dan, L., & Penny, W. D. (2016). Sensor space group analysis
for fNIRS data. Journal of  Neuroscience  Methods, 264, 103-112.
https://doi.org/10.1016/jjneumeth.2016.03.003

Tanaka, S., & Inui, T. (2002). Cortical involvement for action imitation of hand/arm
postures versus finger configurations: an fMRI study. NeuroReport, 13(13).
https://journals.lww.com/neuroreport/Fulltext/2002/09160/Cortical _involvement
_for_action_imitation_of.5.aspx

Tanaka, S., Inui, T., Iwaki, S., Konishi, J., & Nakai, T. (2001). Neural substrates involved in
imitating finger configurations: an fMRI study. NeuroReport, 12(6).
https://journals.lww.com/neuroreport/Fulltext/2001/05080/Neural _substrates_inv
olved_in_imitating_finger.24.aspx

196



Tanner, R. ., Ferraro, R., Chartrand, T. L., Bettman, J. R., & Baaren, R. Van. (2008). Of
Chameleons and Consumption: The Impact of Mimicry on Choice and Preferences.
Journal of Consumer Research, 34(6), 754—766. https://doi.org/10.1086/522322

Tennie, C., Call, J., & Tomasello, M. (2009). Ratcheting up the ratchet: On the evolution
of cumulative culture. Philosophical Transactions of the Royal Society B: Biological
Sciences, 364(1528), 2405-2415. https://doi.org/10.1098/rstb.2009.0052

Teufel, C., Fletcher, P. C., & Davis, G. (2010). Seeing other minds: attributed mental states
influence perception. Trends n Cognitive Sciences, 1-7.
https://doi.org/10.1016/].tics.2010.05.005

Thompson, E. L., Bird, G., & Catmur, C. (2019). Conceptualizing and testing action
understanding.  Neuroscience —and  Biobehavioral  Reviews, 105, 106-114.
https://doi.org/10.1016/j.neubiorev.2019.08.002

Tomasello, M. (1990). Cultural transmission in the tool use and communicatory signaling
of chimpanzees? In S. T. Parker & K. R. Gibson (Eds.), “Language” and intelligence in
monkeys  and  apes (pp- 274-311). Cambridge  University  Press.
https://doi.org/10.1017/CB0O9780511665486.012

Tomasello, M. (1999). The cultural origins of human cognition. In The cultural origins of
human cognition. Harvard University Press.

Triplett, N. (1898). The Dynamogenic Factors in Pacemaking and Competition. The
American Journal of Psychology, 9(4), 507. https://doi.org/10.2307/1412188

Uddin, L. Q., Iacoboni, M., Lange, C., & Keenan, J. P. (2007). The self and social cognition:
the role of cortical midline structures and mirror neurons. Trends in Cognitive
Sciences, 11(4), 153-157. https://doi.org/10.1016/].tics.2007.01.001

Uzgiris, 1. C. (1981). Two Functions of Imitation During Infancy. International Journal of
Behavioral Development, 4(1), 1-12. https://doi.org/10.1177/016502548100400101

van Baaren, R., Holland, R. W., Kawakami, K., & Van Knippenberg, A. (2004). Mimicry
and Prosocial Behavior. Psychological Science, 15(1), 71-74.
https://doi.org/10.1111/j.0963-7214.2004.01501012.x

van Baaren, R., Holland, R. W, Steenaert, B., & van Knippenberg, A. (2008). Mimicry for
money: Behavioral consequences of imitation. Journal of Experimental Social
Psychology, 39(4), 393-398. https://doi.org/10.1016/S0022-1031(03)00014-3

Van Overwalle, F. (2009). Social cognition and the brain: A meta-analysis. Human Brain
Mapping, 30(3), 829-858. https://doi.org/10.1002/hbm.20547

van Swol, L. M. (20038). The Effects of Nonverbal Mirroring on Perceived Persuasiveness,
Agreement with an Imitator, and Reciprocity in a Group Discussion. Communication
Research, 30(4), 461-480. https://doi.org/10.1177/0093650203253318

Vanderwert, R. E., & Nelson, C. A. (2014). The use of near-infrared spectroscopy in the
study of typical and atypical development. In NeuroImage (Vol. 85, Issue O 1, pp. 264—
271). Neuroimage. https://doi.org/10.1016/j.neuroimage.2013.10.009

197



Verberne, F. M. F., Ham, J., & Midden, C. J. H. (2015). Trusting a Virtual Driver That Looks,
Acts, and Thinks Like You. Human Factors: The Journal of the Human Factors and
Ergonomics Society, 57(5), 895—-909. https://doi.org/10.1177/0018720815580749

Viscidi, E. W., Triche, E. W., Pescosolido, M. F., McLean, R. L., Joseph, R. M., Spence, S.].,
& Morrow, E. M. (2013). Clinical Characteristics of Children with Autism Spectrum
Disorder and Co-Occurring Epilepsy. PLoS ONE, 8(7).
https://doi.org/10.1371/journal.pone.0067797

Vivanti, G., & Dissanayake, C. (2014). Propensity to Imitate in Autism Is Not Modulated
by the Model’s Gaze Direction: An Eye-Tracking Study. Autism Research, 7(3), 392—
399. https://doi.org/10.1002/aur.1376

Vivanti, G., & Hamilton, A. F. de C. (2014). Imitation in Autism Spectrum Disorders. February,
278-302.

Vivanti, G., Hocking, D. R., Fanning, P., & Dissanayake, C. (2016). Social affiliation motives
modulate spontaneous learning in Williams syndrome but not in autism. Molecular
Autism, 7(1). https://doi.org/10.1186/s13229-016-0101-0

Wallace, A. R. (1870). Contributions to the theory of natural selection. A series of essays. By Alfred
Russel Wallace ... Macmillan and co.,. https://doi.org/10.5962/bhl.title.1254

Wang, Y., & Hamilton, A. F. de C. (2012). Social top-down response modulation (STORM):
A model of the control of mimicry in social interaction. Frontiers in Human
Neuroscience, 6(JUNE 2012), 1-10. https://doi.org/10.3389/fnhum.2012.00153

Wang, Y., & Hamilton, A. F. de C. (2013). Understanding the Role of the “Self” in the Social
Priming of Mimicry. PLoS ONE, 8(4). https://doi.org/10.1871/journal.pone.0060249

Wang, Y., & Hamilton, A. F. de C. (2015). Anterior medial prefrontal cortex implements
social priming of mimicry. Social Cognitive and Affective Neuroscience, 10(4), 486—493.
https://doi.org/10.1098/scan/nsu076

Wang, Y., Newport, R., & Hamilton, A. F. de C. (2011). Eye contact enhances mimicry of
intransitive hand movements. Biology Letters, 7(1), 7-10.
https://doi.org/10.1098/rsb1.2010.0279

Wang, Y., Ramsey, R., & Hamilton, A. F. de C. (2011). The control of mimicry by eye
contact is mediated by medial prefrontal cortex. The Journal of Neuroscience: The
Official  Journal of the Society for Neuroscience, 31(33), 12001-12010.
https://doi.org/10.1523/JNEUROSCI.0845-11.2011

Wechsler, D. (1997). Wechsler adult intelligence scale / David Wechsler. In WAIS-III (3rd
ed.). San Antonio, Texas : The Psychological Corporation.

Wechsler, D. (2008). Wechsler adult intelligence scale—Fourth edition (WAIS-1V). NCS
Pearson.

White, S. W., Oswald, D., Ollendick, T., & Scahill, L. (2009). Anxiety in children and

adolescents with autism spectrum disorders. In Clinical Psychology Review (Vol. 29,
Issue 3, pp. 216—229). NIH Public Access. https://doi.org/10.1016/j.cpr.2009.01.003

198



Whiten, A. (2011). The scope of culture in chimpanzees, humans and ancestral apes.
Philosophical Transactions of the Royal Society B: Biological Sciences, 366(1567), 997-1007.
https://doi.org/10.1098/rstb.2010.0334

Whiten, A., Allan, G., Devlin, S., Kseib, N., Raw, N., & McGuigan, N. (2016). Social Learning
in the Real-World: ‘Over-Imitation’ Occurs in Both Children and Adults Unaware of
Participation in an Experiment and Independently of Social Interaction. PLOS ONE,
11(7), €0159920. https://doi.org/10.1371/journal.pone.0159920

Whiten, A., Custance, D. M., Gomez, ].-C., Teixidor, P., & Bard, K. A. (1996). Imitative
learning of artificial fruit processing in children (Homo sapiens) and chimpanzees
(Pan  troglodytes). Journal of Comparative  Psychology, 110(1), 3-14.
https://doi.org/10.1037/0735-7036.110.1.3

Whiten, A., Horner, V., Litchfield, C. a, & Marshall-Pescini, S. (2004). How do apes ape?
Animal Learning & Behavior, 32(1), 36—52. https://doi.org/10.3758/BF03196005

Whiten, A., McGuigan, N., Marshall-Pescini, S., & Hopper, L. M. (2009). Emulation,
imitation, over-imitation and the scope of culture for child and chimpanzee.
Philosophical Transactions of the Royal Society B: Biological Sciences, 364(1528), 2417—
2428. https://doi.org/10.1098/rstb.2009.0069

Whiten, A., & van Schaik, C. P. (2007). The evolution of animal ‘cultures’ and social
intelligence. Philosophical Transactions of the Royal Society B: Biological Sciences,
362(1480), 603-620. https://doi.org/10.1098/rstb.2006.1998

Wild, K. S., Poliakoff, E., Jerrison, A., & Gowen, E. (2012). Goal-directed and goal-less
imitation in autism spectrum disorder. Journal of Autism and Developmental Disorders,
42(8), 1739-1749. https://doi.org/10.1007/s10803-011-1417-4

Williams, J. H. G., Whiten, A., & Singh, T. (2004). A Systematic Review of Action Imitation
in Autistic Spectrum Disorder. Journal of Autism and Developmental Disorders, 34(3),
285-299. https://doi.org/10.1023/B:JADD.0000029551.56735.3a

Wurm, M. F., & Caramazza, A. (2019). Distinct roles of temporal and frontoparietal cortex
in representing actions across vision and language. Nature Communications, 10(1), 1-
10. https://doi.org/10.1038/s41467-018-08084-y

Wurm, M. F., & Lingnau, A. (2015). Decoding actions at different levels of abstraction.
Journal of Neuroscience, 35(20), 7727-7735. https://doi.org/10.15623/JNEUROSCI.0188-
15.2015

Yabar, Y., Johnston, L., Miles, L., & Peace, V. (2006). Implicit behavioral mimicry:
Investigating the impact of group membership. Journal of Nonverbal Behavior, 30(3),
97-113. https://doi.org/10.1007/s10919-006-0010-6

Yates, L., & Hobson, H. (2020). Continuing to look in the mirror: A review of
neuroscientific evidence for the broken mirror hypothesis, EP-M model and
STORM model of autism spectrum conditions. Autism, 24(8), 1945-1959.
https://doi.org/10.1177/1362361320936945

Ye, J. C, Tak, S, Jang, K. E,, Jung, ]J., & Jang, J. (2009). NIRS-SPM: Statistical parametric
mapping for near-infrared spectroscopy. Neurolmage, 44(2), 428-447.

199



https://doi.org/10.1016/j.neuroimage.2008.08.036

Zajonc, R. B. (1965). Social facilitation. Science, 149(Whole No. 3681), 269-274.
https://doi.org/10.1126/science.149.3681.269

Zajonc, R. B., & Sales, S. M. (1966). Social facilitation of dominant and subordinate
responses. Journal of Experimental  Social  Psychology, 2(2), 160-168.
https://doi.org/10.1016/0022-1031(66)90077-1

200



