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SUMMARY 

Automatic imitation, or an involuntary tendency to imitate others, is a ubiquitous 

behaviour that is central to our interactions in the social world. Despite centuries of 

interest in this phenomenon from philosophers and scientists across different disciplines, 

many open questions still remain. The current thesis employs approaches from cognitive 

psychology and social cognitive neuroscience to elucidate the underlying cognitive and 

neural mechanisms of the control of automatic imitation and how these mechanisms vary 

as a function of individual differences. The first empirical chapter (Chapter 2) uses 

functional magnetic resonance imaging (fMRI) across two experiments in order to 

investigate whether specialised or generalised neural mechanisms underlie the control 

of automatic imitation. The second empirical chapter (Chapter 3) synthesises and meta-

analyses extant neuroimaging literature in order to identify brain regions that are 

consistently activated across fMRI studies investigating automatic imitation. In Chapter 

4, multiple large-sample behavioural approaches are employed to investigate the 

relationship between individual differences (stable personality traits and biological sex) 

and social (imitative) control and non-social control. Overall, the results from this thesis 

unequivocally support the engagement of a domain-general neural network in the control 

of automatic imitation, and a reduced or altered role for domain-specific processes. More 

generally, these findings suggest that models of social cognition need to place greater 

emphasis on the role of domain-general processes, and the interactions between domain-

specific and domain-general processes, instead of focusing only on domain-specificity. 

Further, the control of automatic imitation is largely invariant to stable traits of 

personality and biological sex. However, the cognitive and neural underpinnings of 

individual differences in social and non-social control are more complex than what has 

been previously conceived. In sum, the current findings have important implications for 

and shed new light on the methodological and theoretical debates surrounding automatic 

imitation as well as social cognition.  
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CHAPTER 1  

 

GENERAL INTRODUCTION 

 

Perhaps one of the greatest questions that humankind has ever contemplated is itself. 

The prospect of answering this question by trying to understand the complexity of the 

human brain has been the quest for many philosophers and scientists. It has been claimed 

that on average, the brain allows an individual to hold up to one million gigabytes of 

information, process up to 120 bits/second, and interact with 80,000 people in an entire 

lifetime (Levitin, 2014; Reber, 2010; Vital, 2003). While the empirical evidence behind 

these claims argues on the exact numbers, the consensus seems to be that humans 

interact with a large number of people, process an immense amount of information, and 

seem to do so with relative ease (Adolphs, 1999; McCormick, Salganik, & Zheng, 2010; 

Mead & Kurzweil, 2006).  

In the last few decades, the field of cognitive neuroscience has provided enormous 

insight into the mechanisms underlying higher level cognitive functions such as attention, 

memory, problem solving, executive functioning as well as consciousness (Gazzaniga, 

2009). These investigations consider the individual as a processor of information and 

focus on the individual brain in isolation (Singer, 2012). However, human beings exist in 

an interesting paradox – although we consider ourselves as individual entities, our day-

to-day lives are embedded in social interactions with other individuals. Researchers have 

argued that the ability of humans to form large and complex social groups is what 

distinguishes them from other animal species, and drives their intellectual and cultural 

development (Adolphs, 2001; Dunbar, 2009). The nascent field of social cognitive 

neuroscience allows for the investigation of social processes through the lens of cognitive 

psychology, social psychology as well as neuroscience (Cacioppo & Berntson, 1992; 

Ochsner & Lieberman, 2001). Additionally, an important consideration for social 

cognitive neuroscientists has been to investigate whether social cognition is indeed 

“special” i.e. whether it relies on special purpose mechanisms, or whether it is just one 

instance of general-purpose mechanisms such as attention, memory, or executive 

functioning (Barrett, 2012). Understanding the complex brain and cognitive processes, 
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whether specialised or generalised, that underlie our ability to navigate in a social world 

is central to understanding the complexity of the human brain.  

In the current thesis, I draw upon approaches from cognitive psychology and 

social cognitive neuroscience to gain insight into the neural and cognitive mechanisms 

underlying automatic imitation, including the extent to which such mechanisms exhibit 

specialised and/or generalised functionality. Imitation is a critical behaviour that has rich 

social consequences, facilitating our social interactions (Heyes, 2009; 2011). In order to 

fully comprehend the mechanisms that underlie our capacity to navigate in a complex 

social world, it is essential to understand non-verbal cues such as automatic copying 

behaviours that guide social interactions (Hamilton, 2014). Automatic imitation, the 

involuntary tendency of humans to copy others, has been the focus of much systematic 

investigation across different domains including developmental psychology, 

evolutionary biology, cognitive and social psychology, as well as social cognitive 

neuroscience (Heyes, 2011). However, many open questions still remain – what are the 

neural mechanisms that underlie our tendency to automatically imitate, are these 

mechanisms specialised for imitation, and how do these imitative tendencies differ as a 

function of individual differences? Systematic investigations to answer these questions 

will help us to better understand and comprehend the nature of automatic imitation, and 

social interactions more generally. 

In the following sections of this chapter, in order to place the focus of my thesis in 

the context of relevant literature from psychological science, I provide a critical analysis 

of extant literature on the neural mechanisms of and individual differences in automatic 

imitation. First, I provide a general background and history of imitation including the 

different types, definitions, and measurements of automatic imitation (Section 1.1.). I 

then review behavioural evidence on the factors modulating automatic imitation, and 

how the tendency to automatically imitate differs between individuals (Section 1.2.). 

Next, I critically evaluate existing neuroimaging evidence on whether specialised or 

generalised neural circuits underpin our tendency to automatically imitate (Section 1.3). 

In the last section of this chapter (Section 1.4), I identify gaps in the literature and 

methodological issues which my thesis will aim to address.  
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1.1. Introduction 

1.1.1. History and background. 

Few areas of current research have provided as much insight into the nature of 

human social cognition as the fundamental properties and underlying mechanisms of 

human imitation. Historically, from Plato’s and Aristotle’s theory of ‘mimesis’ (the Greek 

word for imitation) to current investigations of imitative behaviours, there is a whole 

spectrum of conceptions of imitation. These conceptions range from a capacity to bring 

about similar behaviour on one end, to the “representation,” “transmission,” “contagion,” 

“synchrony” or “sharing” of affect states or behavioural patterns between individuals on 

the other end (for reviews, see Bavelas, Black, Lemery, & Mullett, 1987; Galef, 2013; 

Zentall, 2006). Indeed, different disciplines with different origins have produced new 

layers of meaning for the term imitation (Maran, 2017). From a very simple 

conceptualisation of imitation used in common parlance (e.g. “monkey see, monkey do”) 

that implies copying as a simple motor act with no rich social consequences, it is now 

generally accepted that imitation is a much more complex and multi-dimensional 

phenomenon that serves important social functions across multiple species.  

While it may seem that imitation is fairly easy to recognise, scientists have debated 

over the nature of imitation since the 19th century. Imitation has been the focus of much 

theoretical interest for biologists like Darwin (1871), Wallace (1870), and Romanes 

(1884) who discussed learning by imitation in animals, and thought of imitation as an 

evolutionary mechanism that facilitated continuity across generations. The late 19th 

century marked the emergence of Psychology as a separate scientific discipline, with an 

increasing interest in imitation behaviours. Many philosophers and scientists in the early 

history of psychology including pragmatists, experimental psychologists, behavioural 

scientists, as well as developmental psychologists studied and speculated about the 

nature of human imitation, arguing over whether imitation was instinctual, reflective, or 

a combination of both (Berry, 1906; Haggerty, 1909; James, 1961; Kohler, 1925; Morgan, 

1900; Piaget, 1952; Thorndike, 1911; Witmer, 1910). These investigations led to 

divergent definitions and classifications of the term, as well as disagreement over 

underlying processes, primarily due to the use of differing methodologies (Kymissis & 

Poulson, 1990).  

With the discovery of the mirror neuron system (MNS) in the late 20th century, 

imitation became a topic of investigation not only within social, cognitive, and 
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experimental psychology, but also the more nascent fields of social and cognitive 

neuroscience. The MNS refers to areas in the brain which contain mirror neurons – 

neurons that fire during the observation and execution of the same actions (Rizzolatti & 

Craighero, 2004; Iacoboni, 2009). Although the MNS was initially discovered in macaque 

monkeys by neurophysiologists using single-unit recordings in the ventral premotor 

cortex (area F5; de Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti, 1992; Gallese, Fadiga, 

Fogassi, & Rizzolatti, 1996), growing evidence suggests that it exists in humans as well 

(Kilner, Neal, Weiskopf, Friston, & Frith, 2009; Molenberghs, Cunnington, & Mattingley, 

2012). Given that the mirror neurons possessed both visual and motor properties, the 

discovery of the MNS had a revolutionary impact on investigation of perception-action 

links (Ramachandran, 2000). Researchers purported links between the MNS and 

imitation, action understanding, empathy, as well as language development (Gallese, 

2001; Rizzolatti & Airbib, 1998). Consequently, research on imitation increased, as it had 

the potential to play an important role in investigating the functions of the MNS.   

Even after almost two centuries of research using different approaches, however, 

scientists have not yet agreed on clear-cut definitions and classifications of different 

types of imitation (for different terminologies used and types of imitation, see Table 1). 

Broadly speaking, imitation refers to the copying or reproducing of observed behaviours 

or actions of another individual (Heyes, 2011). Although there is disagreement about 

definition, there is wide consensus that imitation is an important and complex 

phenomenon, and is a fundamental aspect of human behaviour. It has traditionally been 

suggested that humans imitate to serve two main functions – learning, and 

communicating mutuality with others (Uzgiris, 1981). Indeed, imitation is argued to be 

the foundation of skill and language acquisition, and learning novel behaviours (Flynn & 

Smith, 2012; Tomasello, Savage-Rumbaugh, & Kruger, 1993; Tomasello, 1999). For 

example, a dancer learns a new dance routine by observing and copying the movements 

shown by the dance instructor. Not only does imitation function as a mechanism for 

learning new skills, it is also thought to be the cornerstone of social learning, 

development, and connectedness throughout the lifespan, as well as the transfer of 

cultural knowledge (Over & Carpenter, 2013; Uzgiris, 1981; Lakin, Jefferis, Cheng, & 

Chartrand, 2003; Heyes, 2009; 2011). For example, when we travel to a new place, it is 

likely that we adjust our behaviour to that of those around us.  
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Research investigating imitation behaviours in humans, non-human primates, as 

well in other animals has provided some grounds for distinguishing between different 

forms of imitation. One important distinction is based on intentionality – imitation can be 

intentional/conscious (voluntary) or automatic/non-conscious (involuntary) (Hamilton, 

2014; Whiten, Horner, Litchfield, & Marshall-Pescini, 2004). Imitation is generally 

intentional when learning a new skill, while in the case of social interactions, it is often 

involuntary, and enhances social connectedness (Chartrand & Bargh, 1999; R. Cook, Bird, 

Lünser, Huck, & Heyes, 2012; Hamilton, 2014; Heyes, 2011). The focus of the current 

thesis is on automatic imitation: imitative behaviour that occurs without the conscious 

awareness of either of the interacting partners. 

 

Table 1 

Different Definitions and Types of Imitation. 

*Automatic imitation is considered to be the laboratory equivalent for mimicry. It is assumed 
that these terms mean the same thing, but are named differently in cognitive and social 
psychology. N.B. SRC = Stimulus Response Compatibility.  

Voluntary Involuntary 
Term Definition Example Term Definition Example 

(True) 
Imitation 

Copying the 
means and 
end of a goal-
directed 
action 
(Whiten et al., 
2004) 

A student learning 
how to play the 
piano watches their 
instructor play a 
sequence of keys 
and then imitates 
the exact sequence 

Automatic 
Imitation* 
(Cognitive 
Psychology) 

Unintentional 
copying of 
actions or 
behaviours 
(Heyes, 2011) 

SRC effect in which 
observing a 
compatible action 
facilitates 
performance and 
observing an 
incompatible action 
interferes with 
performance 

Emulation Copying the 
end or 
outcome by 
not 
necessarily 
the same 
means 
(Tomasello, 
1990) 

A child sees an adult 
throw a ball with 
one hand but 
throws the ball 
herself with two 
hands 

Mimicry* 
(Social 
Psychology) 

Unintentional 
copying of 
actions or 
behaviours 
(that usually 
occurs in social 
interactions; 
Chartrand & 
Bargh, 1999) 

When conversing with 
one another, one 
friend adopts the 
body posture of the 
other without 
realising it 

Over-
imitation 

Copying 
“extra” 
actions even 
though they 
are not 
necessary for 
the action 
goal 
(Hamilton, 
2014) 

A novice guitarist 
observes an 
instructor shake 
their fingers before 
playing the guitar 
and copies the same 
action 

   



www.manaraa.com

1. GENERAL INTRODUCTION 

6 
 

1.1.2. What is automatic imitation? 

Automatic or spontaneous imitation is defined as the involuntary tendency to 

copy others’ actions, speech patterns, facial expressions, as well as other behaviours 

without the conscious awareness of either of the interacting partners (Chartrand & 

Bargh, 1999; Heyes, 2011). A friend recently pointed out that I imitate the accent of the 

person I am talking to – I speak with an English accent when conversing with friends in 

the United Kingdom, whereas my accent shifts to an Indian accent when conversing with 

my family. Indeed, automatic imitation is ubiquitous, and a critical behaviour for non-

verbal communication (Chartrand & Bargh, 1999). While research on automatic 

imitation has become a key focus in the last two decades in both social psychology as well 

as cognitive neuroscience, theoretical interest in this phenomenon dates as far back as 

the 10th century in the work of Indian philosopher and aesthete, Abhinavagupta.  

Abhinavagupta was intrigued by the capacity of humans to smile when others 

smile, clap when others clap, and feel a prick when they see someone else pricking their 

finger (Abhinavagupta, 1986 (IPV) as cited in Chakrabarti & Weber, 2015). Referred to 

as his complex “mirroring” theory of perception, he suggested that just as a sound made 

by another person is perceived because perceivers generate an echo within themselves, 

so does an action by another person generates an “echo” of that action in the observer, 

thus leading the observer to imitate this action spontaneously. This “mirroring”, 

Abhinavagupta proposed, was the foundation for empathy, interpersonal connectedness, 

as well as (more transcendentally) the underlying unity of all sentience. As such, it is 

perhaps not that big an inductive leap to assume that he was unwittingly forecasting the 

mirror-neuron debates of the 21st century. In a similar vein, in the 18th century, 

philosopher and thinker Adam Smith (1759) purported a link between the tendency to 

spontaneously imitate and the capacity of humans to empathise with others.   

Despite the long-standing theoretical interest in automatic imitation, scientists in 

the past focused on the role of imitation in learning, with less focus on the involuntary 

tendency of human beings to imitate others. More recently, however, there has been a 

call for investigating automatic imitation as it is considered to be a process central to 

social cognition, with important social consequences (Brass & Heyes, 2005; Hamilton, 

2014; Heyes, 2011). Automatic imitation is thought to facilitate social interactions by 

increasing liking and affiliation between interacting partners, as well as increasing pro-

social behaviour (Chartrand & Bargh, 1999; Chartrand & Lakin, 2013; van Baaren, 
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Janssen, Chartrand, & Dijksterhuis, 2009). Thus, in order to elucidate the mechanisms 

that underlie non-verbal communication as well as social interactions more generally, it 

is critical to study automatic imitation.  

 

1.1.3. How is automatic imitation measured? 

In the last two decades, there has been much investigation on automatic imitation 

in both social psychology as well as cognitive neuroscience. Both disciplines have used 

different approaches and methodologies (see Figure 1) in order to elucidate the nature 

of automatic imitation, its causes, consequences, as well as underlying mechanisms 

(Heyes, 2009). 

 

 

Figure 1. Measures of automatic imitation in cognitive and social psychology. 

 

 

Social psychology measures. In the field of social psychology, automatic or 

involuntary imitation behaviour has been termed as “mimicry.” Scientists have 

undertaken systematic investigation into the nature of mimicry – why we mimic, how we 

mimic, who we mimic, as well as the factors that affect mimicry. Social psychologists 
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generally use naturalistic paradigms that involve recording overt or visible copying 

behaviours (Figure 1; Ray & Heyes, 2011). Participants are often asked to engage in a 

simple task with another person (a confederate). For example, in one of the seminal social 

psychology studies evidencing mimicry, Chartrand & Bargh (1999, Experiment 1) asked 

participants to engage in a photo description task with the confederate. The confederate’s 

actions were manipulated by the experimenters – for instance, the confederate either 

touched their face or shook their foot when the interaction was taking place, and the 

interactions were recorded with hidden video cameras. These interactions were later 

observed by coders blind to the experimental conditions, and it was found that 

participants substantially copied the movements of the confederate. They reported no 

awareness of these behaviours suggesting that it was an automatic or involuntary 

behaviour. The authors called this phenomenon as the “chameleon effect” – just as a 

chameleon changes colours to match the environment, we change our mannerisms to 

match those of others around us. This behaviour has been further evidenced not just for 

actions, gestures and body postures, but also facial expressions and speech patterns 

(Bailey & Henry, 2009; Bock, 1986; Chartrand & Bargh, 1999; Dimberg, 1982; Levelt & 

Kelter, 1982; Sheflen, 1964; Stel & Vonk, 2010).   

Cognitive psychology measures. With the advent of the cognitive revolution in 

the 1950s, researchers in the domain of social psychology started adopting 

methodologies from cognitive psychology in order to provide experimental control over 

phenomena of interest (Lambert & Scherer, 2013). In imitation research, cognitive 

psychologists developed measures of automatic imitation based on stimulus-response 

compatibility (SRC) paradigms (e.g. Brass, Bekkering, & Wohlschager, 2000). In contrast 

to the more naturalistic social psychology paradigms, SRC tasks of automatic imitation 

measure the covert processes involved in controlling our tendency to automatically 

imitate using reaction time (RT) measures or kinematics (Heyes, 2011). These tasks are 

thought to be the laboratory equivalent of mimicry and therefore allow for more 

experimental control (Figure 1).   

In typical stimulus-response compatibility paradigms, participants are asked to 

respond to stimuli which are either compatible or incompatible to their response. In 

automatic imitation research, specialised SRC paradigms were initially developed by 

Brass et al. (2000), Stürmer, Aschersleben, and Prinz (2000), and Kilner, Paulignan, and 

Blakemore (2003) in order to measure automatic imitation. Since then, different versions 



www.manaraa.com

1. GENERAL INTRODUCTION 

9 
 

of the initially developed SRC paradigms have been widely used in order to index 

automatic imitative processes, and usually involve finger movements (e.g. Bertenthal, 

Longo, & Kosobud, 2006; Brass et al., 2000; Catmur & Heyes, 2011), hand 

opening/closing movements (Heyes, Bird, Johnson, & Haggard, 2005; Press, Bird, Walsh, 

& Heyes, 2008) or arm movements in a vertical or horizontal plane (Kilner et al., 2003; 

Stanley, Gowen, & Miall, 2007).  

In a typical SRC task indexing automatic imitation involving finger movements, 

participants are instructed to lift their index finger when they see a number ‘1’ on the 

screen and lift their middle finger when they see a number ‘2’ on the screen. 

Simultaneously, they either view an index finger lift movement or a middle finger lift 

movement on the screen. In compatible trials, the finger movement they execute is the 

same as the finger movement they observe (e.g. lifting their index finger when they see 

the number ‘1’ on the screen and simultaneously observing an index finger lift 

movement). In incompatible trials, participants execute a finger movement which is 

different to the observed finger movement (e.g. lifting their index finger when they see 

the number ‘1’ on the screen and simultaneously observing a middle finger lift 

movement). Participants are slower to respond to incompatible trials as the observed 

movement interferes with their movement execution. The difference between reaction 

times on incompatible and compatible trials is thus said to be a measure of automatic 

imitation (Heyes, 2011). This compatibility effect has been demonstrated not only with 

finger lifting/tapping movements, but also with finger abduction (Catmur & Heyes, 

2011), hand opening/closing (Heyes et al., 2005), as well as mouth opening/closing 

movements (Leighton & Heyes, 2010).  

Similarly, along with reaction times, this effect has also been demonstrated using 

movement kinematics. For example, in a study by Kilner et al. (2003), participants were 

instructed to move their arms in a vertical or horizontal plane while observing another 

person moving their hand in a vertical or horizontal plane. The movement trajectory of 

participants contained more variability when they were observing a movement 

incompatible to their own, compared to when the interacting partner performed a 

compatible movement (Bouquet, Gaurier, Shipley, Toussaint, & Blandin, 2007; Kilner et 

al., 2003; Stanley et al., 2007).  

Comparison between social and cognitive psychology measures. Social 

psychology researchers use naturalistic paradigms which are more ecologically valid i.e. 
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they are directly related to “real-life” behaviours. In these paradigms, copying behaviour 

typically occurs after a delay of a few seconds (Bailenson & Yee, 2005). These tasks, 

however, are not amenable to experimental control in a laboratory setting, and can 

therefore be less reliable (Genschow et al., 2017).  In contrast, SRC tasks used in cognitive 

psychology show higher reliability but low ecological validity. In these tasks, participants 

have to resolve conflict by inhibiting the representation of the observed action in order 

to perform the task. Typically, this behaviour occurs simultaneously to the observed 

action. Thus, whereas social psychology paradigms measure overt copying, SRC 

paradigms index the covert processes involved in the inhibition or control of automatic 

imitation (Figure 1; Heyes, 2011). 

 

1.1.4. Is automatic imitation a specialised form of SRC? 

A key issue in the investigation of automatic imitation is whether automatic 

imitation is a specialised form of stimulus-response compatibility. For instance, 

researchers have investigated whether and how much spatial processes contribute to the 

SRC measure of automatic imitation. In the task used by Brass et al. (2000), left hand 

images were used on the screen while participants responded with their right hand. 

When participants performed a compatible movement (e.g. lifted their index finger while 

watching an index finger lift movement on the screen), the observed and executed finger 

movements were not just of the same finger but also on the same side of space. Thus, the 

measure of automatic imitation in this task can be a combination of imitative as well as 

spatial compatibility effects (Brass, Zysset, & von Cramon, 2001). Researchers have 

controlled for spatial effects in a number of ways in order to measure automatic imitation 

independent of the spatial compatibility effect (see Figure 2; Aicken, Wilson, Williams, & 

Mon-Williams, 2007; Brass et al., 2001; Boyer, Longo, & Bertenthal, 2012; Jansson, 

Wilson, Williams, & Mon-Williams, 2007; Jimenez et al., 2012; Press et al., 2008).  

Bertenthal and colleagues (2006) displayed the stimuli orthogonal to the 

participant’s hand and also evidenced an automatic imitation effect (Figure 2A). While 

the presentation of orthogonal stimuli reduces spatial compatibility effects on the left-

right axis, they do not rule out the possibility of orthogonal spatial compatibility effects 

i.e. the propensity of participants to show an advantage for an up-right and down-left 

pairing (Cho & Proctor, 2003; Weeks, Proctor, & Beyak, 1994). For instance, when stimuli 

were presented orthogonal to the response hand, the index finger was always below the 
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middle finger, and the participant’s index finger was to the left side of space. A preference 

for responding to “up” stimuli with a right response and “down” stimuli with a left 

response may be observed along with imitative effects on the automatic imitation task 

used by Bertenthal and colleagues (Bertenthal et al., 2006). Thus, the measure of 

automatic imitation can be a combination of both imitative and orthogonal spatial effects. 

Therefore, instead of displaying stimuli orthogonal to the response hand, Catmur & Heyes 

(2011) used both left- and right-hand stimuli – this manipulation allowed for the 

measurement of the imitative compatibility effect independent of the spatial 

compatibility effect (Figure 2B). Further, in some studies, symbolic gestures were used 

which cannot be categorised on a spatial dimension (Figure 2C; Bortoletto, Mattingley, & 

Cunnington, 2013; Cracco, Genschow, Radkova, & Brass, 2018a; Liepelt, Prinz, & Brass, 

2010). Since all of these methods elicited automatic imitation, there is wide consensus 

that spatial compatibility processes may influence automatic imitation, but automatic 

imitation cannot be reduced completely to spatial processes (Heyes, 2011).  

Instead of spatial compatibility, SRC measures of automatic imitation are 

thought to be a combination of movement and effector compatibility (Heyes, 2011). 

Effector compatibility relates to the body part observed and the body part that needs to 

be moved by the participant (e.g. index or middle finger). Movement compatibility refers 

to the type of movement observed, and the movement made by the participant (e.g. 

tapping or lifting). Automatic imitation is therefore thought to be a largely automatic 

process that is driven by effector and movement compatibility, and is influenced by 

spatial compatibility (Heyes, 2011; Cracco et al., 2018b).  

Even though automatic imitation is not reducible to spatial compatibility, a key 

question in cognitive psychology is whether the control of automatic imitation is 

governed by specialised cognitive control mechanisms which are involved only in 

social/imitative control (Bertenthal & Scheutz, 2012; Brass, Ruby, & Spengler, 2009), or 

by domain-general cognitive control systems that operate across a whole range of 

cognitive control tasks including spatial compatibility (Catmur & Heyes, 2011; Cooper, 

Catmur, & Heyes, 2012).  
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Figure 2. Tasks measuring automatic imitation have controlled for spatial compatibility effects in different ways: A) stimuli are displayed 
orthogonal to the participant’s response, B) both left- and right-hand stimuli are used, allowing for measurement of imitative compatibility 
independent of spatial effects, C) gestures that cannot be easily classified on a spatial dimension are used. Images in panel (A) and (B) are 
taken from empirical work (Chapter 4) from the current thesis and are the actual images used in the experiment. Images in panel (C) are 
based on the description by Cracco et al., 2018a, and Bortoletto et al., 2013 and are not the actual images used in the experiment.  

 

A B C 
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1.1.5. Summary. 

Imitation has been the focus of systematic investigation for almost two centuries, 

with an explosion in interest after the discovery of the mirror neuron system. Across 

multiple domains including neurophysiology as well as social and cognitive psychology 

and neuroscience, there is now wide consensus that imitation is a complex and multi-

dimensional phenomenon, with rich social consequences. While most investigation has 

focused on intentional imitation and imitative learning, more recently, there has been a 

call for research on automatic imitation in order to fully elucidate the mechanisms 

underlying non-verbal communication and social interactions.  

Automatic imitation refers to the involuntary tendency to copy others’ actions, 

speech patterns, gestures, and other behaviours, and has been the focus of investigation 

in social and cognitive psychology as well as neuroscience. Researchers in social 

psychology measure overt copying behaviours using naturalistic paradigms that are 

more ecologically valid i.e. they are directly related to “real-life” behaviours. In contrast, 

cognitive psychology researchers use SRC paradigms in order to measure the control of 

automatic imitation. These paradigms have greater reliability and afford better 

experimental control than naturalistic paradigms. 

A key consideration in cognitive psychology is whether the control of automatic 

imitation as measured by SRC tasks reflects a special type of SR compatibility i.e. whether 

it relies on specialised cognitive mechanisms or is brought about by domain-general 

cognitive systems that operate across a range of SRC tasks of cognitive control including 

spatial compatibility. In Chapters 2, 3 and 4 (which are the empirical chapters of this 

thesis), we use variations of the SRC finger movement task described in section 1.1.3 in 

order to measure the control of automatic imitation, investigate its neural mechanisms, 

as well as individual differences in the tendency to automatically imitate. 

In the following sections, I first review behavioural evidence on the factors 

modulating automatic imitation, and how the tendency to automatically imitate differs 

between individuals (Section 1.2.). I then review existing neuroimaging evidence on the 

neural circuitry that underpins the control of automatic imitation (Section 1.3.). Finally, 

I identify gaps in the literature and methodological issues which my thesis will aim to 

address (Section 1.4.).  
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1.2. What factors modulate automatic imitation? 

Existing evidence to date from the domains of both social psychology and 

cognitive psychology suggests that although automatic imitation is automatic and 

ubiquitous, it is sensitive to many factors including the environment and context in which 

the interaction occurs, as well as characteristics of both the imitator and the imitatee. 

Recent research in both these domains has therefore focused on the social and contextual 

antecedents to automatic imitation in order to gain better insight about this 

phenomenon. 

Evidence from social psychology suggests that automatic imitation or mimicry 

serves an important function in enhancing social affiliation and interactions. There is 

increasing evidence that mimicry has important social consequences like increasing 

positive rapport, affiliation, prosocial orientation, and helping behaviours not only 

between the interacting dyad (Bailenson & Yee, 2005; Chartrand & Bargh, 1999; Maurer 

& Tindall, 1983; Stel et al., 2010; Van Baaren, Holland, Steenaert, & van Knippenberg, 

2003; Van Baaren, Holland, Kawakami, & van Knippenberg, 2004), but also towards 

members outside of the dyad (Ashton-James, van Baaren, Chartrand, & Decety, 2007). 

Further, mimicry is also modulated by characteristics of the imitator as well as the 

imitatee. For example, a goal to affiliate, higher perspective-taking abilities, as well as a 

positive mood were all related to higher mimicking behaviours (Chartrand and Bargh, 

1999; Lakin & Chartrand, 2003; Likowski et al., 2011; van Baaren, Fockenberg, Holland, 

Janssen, & van Knippenberg, 2006) whereas mimicry was reduced when individuals held 

negative stereotypes of dislike about interaction partners, perceived them to be of a 

lower status compared to themselves, or when interacting partners were members of the 

out-group based on race, ethnicity, or political membership (Chartrand & van Baaren, 

2009; Cheng & Chartrand, 2003; McHugo, Lanzetta, & Bush, 1991; Stel et al., 2010).  

 In cognitive psychology, after establishing the basic SRC paradigm to measure the 

control of automatic imitation, subsequent research on automatic imitation has provided 

insight into the factors that influence automatic imitation (Heyes, 2011; Cracco et al., 

2018a). For instance, factors like animacy, sensorimotor experience, pro-sociality, as well 

as characteristics of both the interacting partners have been found to modulate the 

tendency to automatically imitate (e.g. Kilner et al., 2003; Catmur, Walsh, & Heyes, 2007; 

Cook & Bird, 2011, Wang, Newport, & Hamilton, 2011a; Ainley, Brass, & Tsakiris, 2014). 
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Below, I evaluate these antecedents to automatic imitation and individual differences in 

more detail.   

1.2.1. Animacy. 

Automatic imitation is modulated by both bottom-up and top-down cues to 

animacy. Prior research has found increased automatic imitation for human agents 

compared to non-human agents (e.g., Bird, Leighton, Press, & Heyes, 2007; Brass et al., 

2001; Chaminade, Franklin, Oztop, & Cheng, 2005; Gowen, Bolton, & Poliakoff, 2016; 

Gowen, Stanley, & Miall, 2008; Kilner et al., 2003; Press, Bird, Flach, & Heyes, 2005; Press, 

Gillmeister, & Heyes, 2006, 2007). Further, participants’ beliefs about animacy also 

influenced automatic imitation i.e. automatic imitation increased when participants 

believed the observed stimuli came from a human agent as compared to a non-human 

agent (Gowen et al., 2016; Klapper, Ramsey, Wigboldus, & Cross, 2014; Longo & 

Bertenthal, 2009; Liepelt & Brass, 2010).  

1.2.2. Sensorimotor Experience.  

Several studies using the SRC measure of automatic imitation have shown that 

sensorimotor experience can influence automatic imitation. For example, when 

participants are trained to lift an index finger when watching a middle finger lift, and lift 

the middle when watching an index finger lift, there was a decrease in automatic 

imitation (Catmur et al., 2007; Heyes et al., 2005). Thus, counter-imitation training or 

simply even asking participants to respond counter-imitatively led to the elimination and 

even reversal of the automatic imitation effect (Bardi, Bundt, Notebaert, & Brass, 2015; 

Catmur et al., 2007; Heyes et al., 2005).   

1.2.3. Pro-sociality. 

 Similar to findings from social psychology, using SRC measures of automatic 

imitation have also found that priming participants with a pro-social orientation 

increases automatic imitation (Cook & Bird, 2011, 2012; De Coster et al., 2014; Leighton, 

Bird, & Heyes, 2010; Wang & Hamilton, 2013). For example, Leighton and colleagues 

(2010) exposed participants to scrambled sentences that denoted a prosocial attitude 

(e.g. “let us be together”) as well as an anti-social attitude (e.g. “I am now single”). 

Participants showed increased automatic imitation when they were primed with a pro-

social state than with an anti-social state. The administration of oxytocin in order to 

induce a pro-social state also increased automatic imitation as compared to the 

administration of a placebo (De Coster et al., 2014). More recent evidence, however, does 
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not show a link between pro-sociality and automatic imitation and suggests that effect of 

prosocial priming on automatic imitation may be smaller and less robust than what prior 

research has suggested (Newey, Koldewyn, & Ramsey, 2019).  

1.2.4. Characteristics of the imitatee.  

Some prior studies using SRC measures of automatic imitation have investigated 

how facial signals of the interacting partner like eye-gaze or expression, as well as group 

membership influences non-emotional imitative actions (Crescentini, Mengotti, Grecucci, 

& Rumiati, 2011; Grecucci, Koch, & Rumiati, 2011; Grecucci et al., 2013; Rauchbauer, 

Majdandžić, Hummer, Windischberger, & Lamm, 2015; Wang et al., 2011a; Wang & 

Hamilton, 2014a). For instance, there is some evidence (although suggestive, from 

studies with relatively small sample sizes), that both facial imitation and SRC measures 

of imitation have been found to increase when the interacting partner is an in-group 

member compared to an out-group member based on race, ethnicity, and arbitrary group 

assignment (Gleibs, Wilson, Reddy, & Catmur, 2016; Mondillon, Niedenthal, Gil, & Droit-

Volet, 2007; Rauchbauer et al., 2015). 

In addition, in a study by Wang et al. (2011a), direct eye gaze facilitated imitative 

responses compared to averted eye gaze. In a study by Butler and colleagues, automatic 

imitation was greater for smiling faces as compared to angry and neutral facial 

expressions (Butler, Ward, & Ramsey, 2016). Whereas Rauchbauer and colleagues found 

a similar increase in automatic imitation for happy faces compared to angry faces, some 

studies did not show evidence of any link between facial expressions like sad, fearful, and 

angry, and automatic imitative tendencies compared to a neutral expression (Crescentini 

et al., 2011; Grecucci et al., 2013; Rauchbauer et al., 2015).  

Taken together, these few studies suggest that facial signals that elicit more pro-

sociality or affiliation may increase the tendency to automatically imitate. However, 

sample sizes and effect sizes across these studies have been generally low, and for a 

robust estimate of the true population effect size, we would require more experiments 

and meta-analytical approaches.   

1.2.5. Characteristics of the imitator (individual differences).  

The above studies investigating social and contextual antecedents to automatic 

imitation have typically used an experimental method, which measures the average 

influence of a manipulation across a group of participants, rather than a differential 

approach that measures differences across individuals. As in research practice in 
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psychology more generally, even imitation research has seen a division between 

experimental and differential psychology, with a focus on experimental methods 

(Cronbach, 1957). Although a confluence of both these methods has been suggested for 

a unification and progress of psychological science as a whole (Cronbach, 1975; Eysenck 

& Eysenck, 1985; Eysenck, 1997), these two streams of thought have remained largely 

autonomous (Cronbach, 1957; Cramer, Waldorp, van der Maas, & Borsboom, 2010). To 

aid cross-pollination between experimental and differential approaches, more recent 

imitation research has started to take an individual differences approach by investigating 

how atypical populations, stable personality traits, and biological sex influence automatic 

imitation. 

Atypical populations. Imitative abilities have been known to vary in individuals 

with autism spectrum disorder (ASD) and schizophrenia (Park, Matthews, & Gibson, 

2008; Williams, Whiten, & Singh, 2004; Williams, Whiten, Suddendorf, & Perrett, 2001). 

Atypical imitative abilities in ASD and schizophrenia have been linked to a dysfunctional 

mirror-neuron system (MNS), also known as the “broken mirror” theory of autism 

(Ashton, Paunonen, Helmes, & Jackson, 1998; Oberman & Ramachandran, 2007; Thakkar, 

Peterman, & Park, 2014; Williams et al., 2001). However, some others have argued 

against the broken mirror theory and suggest that automatic imitative tendencies are 

relatively intact in individuals with ASD and schizophrenia (Bird et al., 2007; Cook & Bird, 

2012; Hamilton, Brindley, & Frith, 2007; Press, Richardson, & Bird, 2010; Sowden, 

Koehne, Catmur, & Dziobek, 2015; Spengler, Bird, & Brass, 2010). Thus, theories 

purporting links between these disorders and atypical automatic imitative tendencies 

have been recently challenged (Hamilton, 2013; Southgate & Hamilton, 2008). 

Stable personality traits. Imitative behaviour has been argued to vary across 

stable personality traits such as empathy (Chartrand & Bargh, 1999), narcissism 

(Hogeveen & Obhi, 2013; Obhi, Hogeveen, Giacomin, & Jordan, 2013), interoceptive 

awareness (Ainley, Brass, & Tsakiris, 2014) as well as alexithymia (Sowden, Brewer, 

Catmur, & Bird, 2016). Empathy is a personality trait that is characterised by both 

emotional and cognitive components that include the ability to regulate emotions as well 

as understand others’ emotions and perspectives (Gerdes, Lietz, & Segal, 2011). It has 

been suggested that automatic imitation is increased in individuals who score higher on 

empathy compared to those who score lower (Chartrand & Bargh, 1999). Similarly, 

individuals who have a grandiose sense of self and lack emotional and cognitive empathy 
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are higher on the narcissism scale and show decreased imitative tendencies (Hogeveen 

& Obhi, 2013; Obhi et al., 2013). In addition, individuals who experience tactile 

sensations on their body when observing tactile stimulation on other individuals or 

objects (a phenomenon known as mirror-touch synaesthesia) also show heightened 

automatic imitation (Santiesteban, Bird, Tew, Cioffi, & Banissy, 2015). Individuals who 

are less aware of the internal state of their body i.e. those with low interoceptive 

awareness, as well as those who score higher on alexithymia (an inability to identify and 

describe their emotions) show a decrease in automatic imitative tendencies (Ainley et al., 

2014; Sowden et al., 2016).  

Such claims, however, are limited due to the small number of studies reported to 

date, relatively small sample sizes, and a lack of powerful replications. Moreover, studies 

which used considerably larger sample sizes, have not been able to replicate the 

moderating influence of personality variables on automatic imitation (Butler et al., 2015; 

Cracco et al., 2018b). For example, in the study by Butler and colleagues (2015), 

personality variables such as empathy, narcissism, extraversion, agreeableness, as well 

as autistic-like and schizotypal traits, did not predict automatic imitation as measured on 

the SRC task. Thus, the evidence for the link between stable personality traits and 

automatic imitation is mixed and less robust than previously suggested.  

Biological sex. Although Butler and colleagues (2015) showed an invariance of 

automatic imitation to stable personality traits, they demonstrated that females showed 

a greater compatibility effect compared to males. This sex difference was also replicated 

by another study using the SRC measure of automatic imitation (Genschow et al., 2017). 

Therefore, it is possible that biological sex is a factor to consider further when attempting 

to understand how cognitive mechanisms supporting imitation vary across individuals. 

However, the extent to which sex differences operate in imitative behaviour has received 

minimal attention to date. For example, no sex differences have been found on the 

automatic imitation of actions or gestures, but facial mimicry studies have shown that 

females automatically imitate more than males (Chartrand & Bargh, 1999; Dimberg, 

1990; Larsen, Overbeek, Granic, & Engels, 2010; Sonnby-Borgström, Jönsson, & 

Svensson, 2008). Given relatively small sample sizes and mixed results, the investigation 

of sex differences in automatic imitation requires further consideration (Hyde, 2014; 

Miller & Halpern, 2014). Although there is no clear and consistent empirical evidence, 

there is theoretical reason to think that sex differences may exist in imitative behaviour. 



www.manaraa.com

1. GENERAL INTRODUCTION 

19 
 

Indeed, females have been found to be more empathetic than males (Baron-Cohen & 

Wheelwright, 2004; Christov-Moore et al., 2014). Empathy has been associated with a 

variety of paradigms investigating imitation (Chartrand & Bargh, 1999; Müller, Van 

Leeuwen, Van Baaren, Bekkering, & Dijksterhuis, 2013; Sonnyby-Borgstrom, 2002). 

Females could thus be more pro-social than males in general, which may lead to more 

imitative tendencies in particular social contexts.  

1.2.6. Summary. 

A typical assumption in cognitive psychology is that all individuals rely on a 

common set of cognitive mechanisms, despite obvious individual differences (de 

Schotten & Shallice, 2017). However, understanding how cognitive mechanisms operate 

across all individuals, as well as how different individuals vary from these general 

patterns, is essential for understanding the structure of social cognition (Fischer-Baum, 

Kook, Lee, Ramos, & Vannucci, 2018). Therefore, in imitation research specifically, it is 

important to integrate methodological approaches from experimental and differential 

psychology to investigate the extent to which cognitive systems relating to the control of 

automatic imitation differ between individuals. While evidence suggests that automatic 

imitation is modulated by factors individual differences such as personality variables and 

biological sex, studies have been limited, statistically underpowered, with small sample 

sizes, and no (if any) direct replications. It is as yet unclear whether and how cognitive 

mechanisms underlying automatic imitation differ as a function of individual differences, 

and whether these differences are solely tied to imitative control or operate across 

different types of cognitive control tasks.  

As in cognitive psychology, cognitive neuroscience research has also focused on 

the control of automatic imitation and whether it relies on domain-general or domain-

specific neural mechanisms. In the sections below, I review evidence of investigations 

into the neural mechanisms of automatic imitation and its control from the domain of 

cognitive neuroscience. 

 

1.3. Neural mechanisms of automatic imitation.  

1.3.1. The role of the mirror neuron system. 

In the last two decades, automatic imitation has been widely studied with an 

attempt to interconnect different disciplines like cognitive science, social psychology, 

evolutionary biology, as well as social and cognitive neuroscience (Byrne & Russon, 
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1998; Chartrand & Bargh, 1999; Prinz & Meltzoff, 2002). Prior research in social and 

cognitive neuroscience suggests that imitation relies on the mirror-neuron system, a 

neural network engaged in perceiving and performing actions (Iacoboni, 2009; Iacoboni 

et al., 1999; Rizzolatti & Craighero, 2004).  

The proposed link between imitation and the MNS is supported by functional 

magnetic resonance imaging (fMRI) studies. fMRI relies on the core assumption that 

cerebral blood flow and neuronal activation are coupled – the engagement of brain 

regions can be measured by detecting changes in blood flow (the blood oxygen 

dependent level or BOLD signal). In a study by Iacoboni and colleagues (1999) using 

fMRI, the authors demonstrated that imitation is modulated by the left inferior frontal 

gyrus (IFG) and the right inferior parietal lobule (IPL) – the putative MNS in humans, as 

well as the right superior temporal sulcus (STS) which is thought to be the input to the 

MNS. In a similar vein, a number of other fMRI as well as transcranial magnetic 

stimulation (TMS) studies that investigated the neural mechanisms of imitation 

suggested that an MNS mechanism could explain imitative learning as well as automatic 

imitation (e.g. Blakemore & Frith, 2005; Buccino et al., 2004; Grezes et al., 2004; Heiser, 

Iacoboni, Maeda, Marcus, & Mazziotta, 2003; Hickok, 2013; see Figure 3, Model 1).  

1.3.2. Neural circuits underlying the control of automatic imitation. 

Imitation is unlikely to rely on a single system. To some extent, automatic 

imitation is a prepotent response i.e. we tend to automatically imitate when we observe 

an action. However, although automatic imitation may have many benefits for our social 

interactions, we do not imitate indiscriminately. In many situations, imitation can be 

maladaptive, and it is essential to circumvent the tendency to automatically imitate 

(Cross & Iacoboni, 2014; Cross, Torrisi, Losin, & Iacoboni, 2013; van Schie, van 

Waterschoot, & Bekkering, 2008; Newman-Norlund, van Schie, van Zuijlen, & Bekkering, 

2007). For example, if someone throws a ball at you and you copy their “throwing” action, 

you would never be able to catch the ball. This need to regulate imitative tendencies 

indicates the existence of a selection mechanism that prioritises alternative actions and 

inhibits unwanted ones (Brass et al., 2009). Thus, imitation control can be divided into at 

least two component processes – action representation and action selection or control 

(Figure 3). We observe an interaction partner and their actions (representation), and 

then select the action that needs to be executed (control).  
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To date, several neuroimaging studies have investigated the neural mechanisms 

of the control of automatic imitation. In social cognition research more generally, a 

central question has been whether unique cognitive processes are engaged during social 

cognition, or whether socio-cognitive processes represent one instance of general-

purpose cognition (Blakemore, Winston, & Frith, 2004; Spunt & Adoplhs, 2017). In a 

similar vein, neural models of automatic imitation have also focused on domain-specific 

and domain-general neural processes that underpin the control of our tendency to 

automatically imitate. Domain-specific processes operate on particular types 

of stimuli or aspects of cognition while domain-general processes operate across a range 

of stimuli and tasks (Barrett, 2012). 

One of the prevailing theories of automatic imitation proposes that imitation 

control relies on a domain-specific neural circuit related to social cognition (Figure 3, 

Model 2; Brass et al., 2009). Evidence supporting this theory comes mainly from patient 

and neuroimaging studies and points to the engagement of two key candidate regions – 

the anterior medial prefrontal cortex (mPFC) and the right temporoparietal 

junction (rTPJ) (Brass and Heyes, 2005; Brass et al., 2009). 

Some neuroimaging studies investigating the control or inhibition of automatic 

imitation in humans have found the engagement of mPFC and rTPJ (Brass et al., 

2001, 2005; 2009; Spengler et al., 2009; Wang et al., 2011). A dissociation of roles for 

mPFC and rTPJ has also been proposed - the rTPJ distinguishes between self- and other-

generated actions, and the mPFC enforces the self-generated action (Brass et al., 2009). 

Patient studies have demonstrated that patients with frontal lobe lesions show disrupted 

imitation inhibition behaviour as well as an increased tendency to automatically imitate 

even when they are clearly instructed to not do so (Brass et al., 2003; Lhermitte et al., 

1986; Spengler et al., 2010). rTPJ involvement is further supported by neurostimulation 

studies – in studies inhibiting the activity in the rTPJ by transcranial magnetic 

stimulation (TMS), impaired imitation inhibition was found (Hogeveen et al., 

2014; Sowden & Catmur, 2015). Irrespective of the method used, it is worth noting that 

there have only been a small number of studies implicating mPFC and rTPJ in the control 

of automatic imitation, and these studies have used relatively small sample sizes (N=10-

25) without any direct replications. Therefore, the sum of evidence for mPFC and rTPJ 

engagement during imitation control seems to be suggestive and not compelling. 
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Figure 3. Graphical representation 
of neural models proposed as 
underlying mechanisms of 
automatic imitation.  Red outline 
indicates networks engaged for 
“control” and green outline 
indicates networks engaged for 
“representation” of the action (the 
mirror neuron system; MNS) and 
the person (the person perception 
network; PPN). Different models 
have been proposed in the literature 
– imitation control relies on the 
MNS (Model 1), the theory-of-mind 
network (ToM; Model 2), the 
multiple demand network (MD; 
Model 3), an interaction between 
MNS and MD networks (Model 4), 
and interactions between domain-
specific socio-perceptual circuits 
(MNS, PPN), with the ToM 
modulating the MD network during 
the control of automatic imitation 
(Model 5). N.B. Abbreviations: IPL = 
inferior parietal lobule, IFG = 
inferior frontal gyrus; pSTS = 
posterior superior temporal sulcus; 
OT = occipito-temporal cortex; FG = 
fusiform gyrus, mPFC = medial 
prefrontal cortex; PMC = primary 
motor cortex; dlPFC = dorsolateral 
prefrontal cortex; TPJ = temporo-
parietal junction; IPS = intra-
parietal sulcus. 

Theory of Mind  

(Hickok, 2013) 

(Brass et 
al., 2009) 

(Bien et al., 2009) 

(Cross et al., 2013) 
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Along with the control of automatic imitation, mPFC and rTPJ are also engaged in 

a variety of other socio-cognitive tasks associated with theory of mind (ToM), These 

include perspective taking, attributing beliefs, desires and attitudes to others, and 

distinguishing between self and the other (Aichhorn et al., 2006; Amodio and Frith, 

2006; Brass et al., 2009; Decety et al., 2002; Gallagher et al., 2000;  Ruby and Decety, 

2001;  Santiesteban et al., 2012; Spengler et al., 2010). Based primarily on this evidence, 

self-other control processes have been proposed as a candidate mechanism for a range 

of socio-cognitive functions i.e. it has been proposed that self-other processes are 

necessary when empathising with others, taking their perspective, or engaging a 

successful theory-of-mind (de Guzman et al., 2016; Sowden and Shah, 2014). Atypical 

self-other control has also been linked to disorders like autism and schizophrenia which 

are characterised by atypical socio-cognitive functioning (Cook and Bird, 2012; Ferri 

et al., 2012).  

In contrast to this view of imitation control, however, other theories of imitation 

suggest that the inhibition or control of automatic imitation does not differ from any 

other pre-potent tendencies or general cognitive functions (Figure 3, Model 3; Heyes, 

2011; Cooper et al., 2012). Cognitive control tasks such as the Stroop, Simon, and Flanker 

tasks require the inhibition of automatic overlearned response tendencies as well. These 

tasks have been found to engage dorsolateral fronto-parietal cortices – regions which are 

collectively called the multiple demand network (Aron, Robbins, & Poldrack, 2014; 

Bunge, Hazeltine, Scanlon, Rosen, & Gabrieli, 2002; Hazeltine, Poldrack, & Gabrieli, 2007; 

Nee, Wager, & Jonides, 2007; Wager et al., 2005;). This domain-general multiple demand 

(MD) network is so called because it is engaged across multiple 

mental operations (Duncan, 2010). Across studies that investigate imitation inhibition, 

while some have found engagement of the mPFC and rTPJ (Brass et al., 

2001, 2005; 2009; Spengler et al., 2009), others show engagement of the MD network 

(Bien, Roebroeck, Goebel, & Sack, 2009; Crescentini, Mengotti, Grecucci, & Rumiati, 2011; 

Cross & Iacoboni, 2013; Marsh, Bird, & Catmur, 2016; Mengotti, Corradi-Dell'Acqua, & 

Rumiati, 2012). The collective evidence for either of the networks, however, is mixed, and 

needs further investigation.  

The above review of literature suggests two possible neural mechanisms as being 

crucial to action selection during the control of automatic imitation. On one hand, during 

imitation control, mPFC and rTPJ are engaged and they work by inhibiting the 
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representation of the observed person’s action and enforcing the self-generated action. 

On the other hand, the selection mechanism may be guided by a domain-general neural 

network i.e. the MD network. In both possible mechanisms, the input to the selection 

system is the same i.e. the observed person and action. This perception may engage 

domain-specific socio-perceptual neural circuits involved in person and action 

perception (the person perception network and the MNS; Caspers et al., 2010; 

Kanwisher, 2010). However, the selection or control mechanism that underlies the 

inhibition or control of automatic imitative tendencies which finally leads to consequent 

behaviour may either be domain-general or domain-specific. However, as most previous 

fMRI studies have been limited by low statistical power and small sample sizes, the 

evidence demonstrating the extent to which SRC paradigms of the control of automatic 

imitation engage domain-general or domain-specific neural networks remains unclear.  

1.3.3. Modulation of the neural systems underlying the control of automatic 

imitation.  

While it is unclear whether domain-general or domain-specific neural networks 

underpin the control of automatic imitation, some prior neuroimaging studies suggest 

that the ToM network (i.e. mPFC and rTPJ) can be involved in the modulation of 

automatic imitation. For example, Klapper et al. (2014) found a higher response in rTPJ 

when an interaction partner looked human and was believed to be human compared with 

when neither of these animacy cues were present. Wang and colleagues (2011) 

demonstrated that mPFC had a top–down influence on other brain circuits during social 

modulation of imitation via direct gaze.  

These studies suggest that mPFC and/or rTPJ may play a regulatory role, be 

modulated by social context, and can functionally interact with other regions during the 

control of automatic imitation. In support of this, regions that do not show direct 

engagement in a cognitive process of interest have been known to have a regulatory 

influence on other regions that are directly engaged (Burnett & Blakemore, 2009). In line 

with this proposal, Cross and colleagues (2013) suggested that imitation control involves 

top-down regulation between a domain-general cognitive control network, and a 

domain-specific network relevant for imitation (in this case, the MNS; see Figure 3, Model 

4). More generally, research from other domains of social cognition shows growing 

evidence for higher complexity and functional interplay within and between so-called 

domain-specific and domain-general networks (Baetens, Ma, Steen, & Van 
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Overwalle, 2014; Quadflieg et al., 2011; Spunt & Adolphs, 2015; Zaki, Hennigan, Weber, 

& Ochsner, 2010). Much like social cognition in general, therefore, imitation control may 

be best explained by interactions between component functional circuits, which 

themselves need not be domain-specific (see Figure3, Model 5; Spunt & 

Adolphs, 2017). However, before making any conclusions about the interactions 

between systems, it is essential to know whether the fundamental system underlying the 

control of automatic imitation is domain-general or domain-specific (see Figure 4).  

 

 

Figure 4. Brain networks associated with the control of automatic imitation. This figure is taken from Darda and 
Ramsey (2019). This graphical representation divides imitation control into two constituent processes – 
representation of the person and their action, and the selection (control) of the right action to be executed. In the 
context of automatic imitation, the representation system consists in face, body, biological motion, and action 
perception. The neural substrates for person and action perception span the fusiform gyrus, occipitotemporal 
cortex, and posterior superior temporal sulcus, as well as the mirror neuron system (Kanwisher, 2010; Caspers, et 
al., 2010). The control or selection system consists in a brain network that is either domain-general (i.e. the multiple 
demand network) or domain-specific (i.e. the theory-of-mind network). N.B. Abbreviations: MNS = mirror neuron 
system; IPL = inferior parietal lobule, IFG = inferior frontal gyrus; pSTS = posterior superior temporal sulcus; OT = 
occipito-temporal cortex; FG = fusiform gyrus, MD = multiple demand network; ToM = theory-of-mind network; 
mPFC = medial prefrontal cortex; PMC = primary motor cortex; dlPFC = dorsolateral prefrontal cortex; TPJ = 
temporo-parietal junction. The bidirectional arrow indicates links between the different nodes of imitation control.   
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1.3.4. Summary. 

In cognitive neuroscience, research on automatic imitation has seen a divide 

between two prevailing neural mechanisms – one suggests that the control of automatic 

imitation relies on a domain-specific neural circuit unique to social cognition i.e. the ToM 

network. The other suggests that a domain-general neural circuit which operates across 

multiple cognitive control tasks underpins the control of our tendency to automatically 

imitate. However, evidence pointing toward one or the other is limited – most prior 

research has been underpowered, with small sample sizes. Therefore, although research 

has investigated how neural systems underlying automatic imitation may be modulated 

by different factors including eye-gaze and animacy, the basic underlying neural 

mechanisms are not fully understood. It is important to investigate whether and to what 

extent domain-general and domain-specific neural mechanisms are engaged during the 

control of automatic imitation. Further, no prior research has investigated individual 

differences in the neural mechanisms of imitation control. In order to fully understand 

the mechanisms involved in automatic imitation, and social cognition more generally, it 

is essential to understand not only how these mechanisms operate across all individuals, 

but also how different individuals vary from these general patterns. 

 

1.4. Methodological issues and research questions.  

In recent years, a key question in science has been the validity and replicability of 

reported findings (Begley, 2013; Open Science Collaboration, 2015). These concerns 

have touched almost all domains of science, including psychology and neuroscience 

(Open Science, 2015; Button et al., 2013; Munafo et al., 2017; Pashler, Coburn, & Harris, 

2012; Vazire, 2018) with estimates of replicability ranging between 25 and 75% 

(Camerer et al., 2018; Marsman et al., 2017; Matzke et al., 2015; Nosek & Lakens, 2014). 

Prevalence of underpowered studies with low sample sizes as well as questionable 

research practices like p-hacking1 and multiple analyses seem to be the main contributing 

factors to low reproducibility (Button et al., 2013; Open Science Collaboration, 2015). It 

has been suggested that a diverse set of practices including pre-registration, meta-

analyses, power analyses, large sample studies, as well as multi-experiment replications 

 
1 P-hacking refers to a type of bias where scientists perform several statistical analyses or data selection 

procedures, and then selectively report “significant” results (Head et al., 2015).  
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need to be common practice in psychological research in order to increase the robustness 

and credibility of findings (Munafo et al., 2017; Nelson et al., 2018).   

In the previous sections of my thesis I have provided a critical analysis of extant 

literature on automatic imitation in the domains of social psychology, cognitive 

psychology, and cognitive neuroscience. In each summary section, I have highlighted 

specific methodological issues and gaps in the literature. Below, I outline how my thesis 

will take several steps to resolve these problems, fill in the gaps in knowledge, and 

improve methodological approaches in order to elucidate the cognitive and neural 

mechanisms of automatic imitation, and how automatic imitative tendencies vary as a 

function of individual differences.   

1.4.1. Neuroimaging studies. 

In Section 1.3., I reviewed extant evidence on the neural mechanisms of the 

control of automatic imitation. Prior studies have provided mixed evidence as to whether 

imitation control relies on domain-specific (ToM) or domain-general (MD) neural 

networks, and have typically been underpowered with small sample sizes and few (if 

any) direct replications (e.g. Bien et al., 2009; Brass et al., 2009; Cross & Iacoboni, 2013; 

n = 10 to 25). Thus, given the mixed findings in prior fMRI studies as well as in psychology 

and neuroscience more generally, fMRI studies in imitation research need to consider 

reliability and replicability as key concerns (Button et al., 2013; Open Science 

Framework, 2015). In addition, there has also been no investigation into individual 

differences in the neural systems that underpin the control of automatic imitation, 

although behavioural evidence suggests automatic imitation varies as a function of 

individual differences.  

All above mentioned fMRI studies investigating automatic imitation have either 

used an anatomical ROI or a whole-brain analysis approach, but no prior study has used 

a functional region of interest (fROI) approach. Broadly, fMRI analysis methods either 

focus on the whole-brain or specific regions of interest (ROIs). ROIs can be defined 

anatomically i.e. based on sulci and gyri or stereotaxic co-ordinates, or functionally i.e. 

based on consistent patterns of functional response profiles (Saxe et al., 2006). Whereas 

whole-brain approaches seek to identify overlap across participants, a functional region-

of-interest (fROI) approach allows for investigation of the response profile of functionally 

defined regions of interest in individual participants (Fedorenko et al., 2013; Kanwisher, 

2010). In contrast to whole-brain analyses, fROI analyses also typically have higher 
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statistical power due to the constrained search volume in the brain (Fedorenko et al., 

2010; Saxe et al., 2006). Further, whole-brain and anatomical ROI based approaches are 

susceptible to reverse inference i.e. the inference from activation to mental functions 

(Poldrack, 2006). This kind of inference does not take into account how selectively a 

particular region is activated by the mental process under investigation. The fROI 

approach allows for directly testing hypotheses regarding the role of functionally defined 

ROIs and therefore minimises the reliance on reverse inference to infer cognitive 

function based on anatomical localisation (Poldrack, 2006).  

Further, there has been no existing quantitative synthesis of fMRI literature on the 

control of automatic imitation. Single studies are likely to be underpowered leading to 

missed or spurious results (Button et al., 2013) and it is difficult to generalize across 

differing experimental paradigms and design choices (Carp, 2012). It is, therefore, 

unclear whether consistent patterns of activation exist across existing fMRI studies, and 

whether these patterns support the engagement of a domain-specific or domain-general 

network in imitation control.  

Taken together, these findings open up an important consideration and critical 

research question pertaining to the neural correlates of the control of automatic 

imitation – to what extent do neural mechanisms of automatic imitation consistently rely 

on domain-general and/or domain-specific neural networks, and how do these 

mechanisms differ as a function of individual differences? 

1.4.2. Behavioural studies. 

In Section 1.2., I reviewed extant evidence on individual differences in automatic 

imitation. Prior studies that have suggested that automatic imitation varies as a function 

of personality traits have typically used small sample sizes and are underpowered 

(Ainley et al., 2014; Chartrand & Bargh, 1999; Hogeveen & Obhi, 2013; Obhi et al., 2014; 

Santiesteban et al., 2015; n=18 to 50). In contrast, studies with a larger sample size have 

not been able to find evidence for such a link (Butler et al., 2015; Cracco et al., 2018b). 

Thus, before making any firm conclusions, it is essential that studies purporting different 

patterns of relationship between automatic imitation and individual differences in 

general across the population (Chartrand & Bargh, 1999; Hogeveen & Obhi, 2013; Obhi 

et al., 2013) need to be replicated in order to enable a cumulative science to develop 

(Munafo et al., 2017; Zwaan et al., 2018). With regards to sex differences, only two studies 

to date have investigated and found a sex difference on the SRC measure of automatic 
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imitation (Butler et al., 2015; Genschow et al., 2017). It is also unclear whether these 

studies demonstrate a difference as a function of biological sex solely in imitation control 

as the SRC task was a combined measure of spatial and imitative effects.  

Taken together, these findings suggest that that little is known about individual 

differences in automatic imitation and only a limited number of studies have used large 

sample sizes, run multi-experiment replications, or performed quantitative meta-

analyses. In order to fully understand the mechanisms of social (and non-social) 

cognition, it is essential that we not only investigate how these faculties work across 

individuals, but also how different individuals vary compared to average patterns. 

Therefore, an important consideration and aim is to investigate whether individual 

differences in automatic imitation exist, and whether these differences are specialised 

(i.e. solely tied to imitation control) or are generalised across different types of cognitive 

control.  

Therefore, in my thesis, using large-sample, multi-experiment behavioural and 

fMRI experiments, I aim to investigate to what extent specialised or generalised cognitive 

and neural systems underlie the control of automatic imitation, and how these systems 

differ as a function of individual differences.  

 

1.5. Overview of the thesis. 

In the current Chapter (Chapter 1), I provided a critical analysis of existing behavioural 

and neuroimaging literature on the cognitive and neural mechanisms of automatic 

imitation, and how these vary between individuals. In the following chapters, I 

empirically test and investigate pertinent questions regarding the control of automatic 

imitation using fMRI (Chapter 2), meta-analytical (Chapter 3), and behavioural (Chapter 

4) approaches. I then discuss the findings from the empirical chapters and point to 

broader implications of this work (Chapter 5). 

 

Chapter 2 investigates functional specificity and sex differences in the neural circuits 

underlying the control of automatic imitation using fMRI. This is the first study to date to 

use a functional ROI approach and explore sex differences in automatic imitation. Using 

functional localisers and an analysis pipeline that bolsters sensitivity, this study (N=50) 

investigates the response profile of domain-specific (ToM) and domain-general (MD) 
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neural networks in the inhibition of automatic imitation, and how these profiles differ 

between males and females.  

 

Chapter 3 investigates the consistency of the neural networks that underlie the control 

of automatic imitation using a multi-level kernel density analysis (MKDA). This is the first 

study to date that quantitatively meta-analyses existing neuroimaging literature 

investigating neural mechanisms of automatic imitation. We used MKDA in order to 

provide a combined quantitative estimate of many individual studies, and avoid 

problems associated with interpreting individual studies.  

 

Chapter 4 investigates individual differences in automatic imitation using multiple 

large-sample behavioural studies (N>~600 across 3 experiments). This study integrates 

experimental and differential psychology approaches in order to investigate the extent 

to which cognitive systems related to social (imitative) and non-social control differ 

between individuals, and whether these differences are domain-general or solely tied to 

imitative control. 

 

Chapter 5 summarises the findings from the empirical chapters (Chapters 2, 3, and 4). I 

discuss the broader implications of the work included in this thesis, highlight how the 

current work addresses previous methodological issues and gaps in our knowledge, and 

point to new and exciting directions for future research.  
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CHAPTER 2 

 

 

Functional Specificity and Sex Differences in the Neural Circuits Supporting the 

Inhibition of Automatic Imitation 

 

This chapter investigates functional specificity and sex differences in the neural circuits 

underlying the control of automatic imitation using functional magnetic resonance 

imaging (fMRI). This is the first study to date to use a functional region-of-interest (fROI) 

approach and explore sex differences in automatic imitation. Using functional localisers 

and an analysis pipeline that bolsters sensitivity, this study (N=50) investigates the 

response profile of domain-specific (Theory-of-Mind) and domain-general (Multiple 

Demand) neural networks in the inhibition of automatic imitation, and how these profiles 

differ between males and females. 

 

 

This chapter is published as it is from: 

Darda, K. M., Butler, E. E., & Ramsey, R. (2018). Functional specificity and sex differences 

in the neural circuits supporting the inhibition of automatic imitation. Journal of Cognitive 

Neuroscience, 30, 914-933.   
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Abstract 

Humans show an involuntary tendency to copy other people's actions. Although 

automatic imitation builds rapport and affiliation between individuals, we do not copy 

actions indiscriminately. Instead, copying behaviours are guided by a selection 

mechanism, which inhibits some actions and prioritizes others. To date, the neural 

underpinnings of the inhibition of automatic imitation and differences between the sexes 

in imitation control are not well understood. Previous studies involved small sample sizes 

and low statistical power, which produced mixed findings regarding the involvement of 

domain-general and domain-specific neural architectures. Here, we used data from 

Experiment 1 (N = 28) to perform a power analysis to determine the sample size required 

for Experiment 2 (N = 50; 80% power). Using independent functional localisers and an 

analysis pipeline that bolsters sensitivity, during imitation control we show clear 

engagement of the multiple-demand network (domain-general), but no sensitivity in the 

theory-of-mind network (domain-specific). Weaker effects were observed with regard to 

sex differences, suggesting that there are more similarities than differences between the 

sexes in terms of the neural systems engaged during imitation control. In summary, 

neurocognitive models of imitation require revision to reflect that the inhibition of 

imitation relies to a greater extent on a domain-general selection system rather than a 

domain-specific system that supports social cognition. 
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Introduction 

Human social interactions are guided by nonverbal cues, such as copying behaviours. In 

the last two decades, much research has investigated the involuntary tendency to copy 

other's actions—a phenomenon known as automatic imitation (Heyes, 2011). Automatic 

imitation is thought to be beneficial in social situations because it develops affiliative 

attitudes, better cooperation, and feelings of closeness between interacting partners 

(Chartrand & Lakin, 2013). Prior neuroscience research has shown that imitation is 

supported by the mirror neuron system, a neural network engaged in perceiving and 

performing actions (Iacoboni, 2009; Rizzolatti & Craighero, 2004; Iacoboni et al., 1999). 

Imitation, however, is unlikely to rely on a single cognitive or brain system (Southgate & 

Hamilton, 2008). For example, in many circumstances, imitation is maladaptive and 

requires inhibition (Cross & Iacoboni, 2014; Cross, Torrisi, Losin, & Iacoboni, 2013; van 

Schie, van Waterschoot, & Bekkering, 2008; Newman-Norlund, van Schie, van Zuijlen, & 

Bekkering, 2007). In such situations, a selection mechanism is required to suppress the 

tendency to imitate and prioritize alternative actions (Brass, Ruby, & Spengler, 2009). To 

date, studies investigating the neural mechanisms of imitation control have been limited 

by small sample sizes and low statistical power, which has produced mixed findings 

(Table 1). Furthermore, no neuroscience research has investigated how individual 

differences such as sex modulate imitation control, even though behavioural research has 

shown that imitative tendencies vary as a function of sex (Butler, Ward, & Ramsey, 2015; 

Sonnby-Borgström, Jönsson, & Svensson, 2008; Dimberg & Lundquist, 1990). Across two 

fMRI experiments, which had higher statistical power and functional sensitivity than 

prior studies, we investigated the extent to which imitation inhibition relies on a domain-

specific or domain-general neural network, which varies its response as a function of sex. 

Much like cognitive science in general (Kanwisher, 2010; Hirschfeld & 

Gelman, 1994), inhibitory control research has focused on a neat division between 

domain-general and domain-specific mental operations. Domain-general inhibitory 

systems, which operate across multiple tasks, have been identified in dorsal 

frontoparietal cortices (Aron, Robbins, & Poldrack, 2014; Hazeltine, Poldrack, & 

Gabrieli, 2007; Nee, Wager, & Jonides, 2007; Wager et al., 2005; Bunge, Hazeltine, 

Scanlon, Rosen, & Gabrieli, 2002). This brain circuit has been labelled the multiple 

demand (MD) network because of its engagement in a diversity of mental operations 

(Duncan, 2010). By contrast, evidence from fMRI, neurostimulation, and 
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neuropsychological patient studies has suggested that a domain-specific circuit in an 

anterior portion of medial prefrontal cortex (mPFC) and right temporo-parietal junction 

(rTPJ) operates during the inhibition of imitation (Bardi, Gheza, & Brass, 2017; 

Santiesteban, Banissy, Catmur, & Bird, 2012, 2015; Sowden & Catmur, 2015; Hogeveen et 

al., 2014; Klapper, Ramsey, Wigboldus, & Cross, 2014; Wang, Ramsey, & Hamilton, 2011; 

Spengler, von Cramon, & Brass, 2009, 2010; Brass, Derrfuss, Matthes-von Cramon, & von 

Cramon, 2003; Brass, Zysset, & von Cramon, 2001). Beyond the control of imitation, 

mPFC and rTPJ have been consistently implicated in a variety of social cognition 

functions, which require distinguishing between self and other, as well as reasoning 

about other people's mental states (theory of mind [ToM]; Van Overwalle, 2009; Amodio 

& Frith, 2006; Saxe & Kanwisher, 2003; Frith & Frith, 1999). These results led to 

theorizing that a key neural circuit for social cognition also regulates imitative tendencies 

(Brass et al., 2009). 

Although theories of imitation control have been developed that are based on 

functioning of the ToM network, evidence from fMRI studies that used an RT measure of 

imitation inhibition have not provided consistent support for the involvement of a 

domain-specific neural network (Table 1). The RT measure of imitation involves making 

finger movements while simultaneously watching compatible or incompatible finger 

movements (Brass, Bekkering, Wohlschlager, & Prinz, 2000; Stürmer et al., 2000). The 

difference between RTs in these two conditions (i.e., the general compatibility effect) has 

been argued to index imitative control, as greater cognitive resources are required to 

inhibit movements that are incompatible to one's own responses (Heyes, 2011; Brass & 

Heyes, 2005). Approximately half of the fMRI studies using this paradigm failed to find 

engagement of rTPJ and anterior mPFC. In addition, a number of studies showed 

engagement of regions associated with the MD network, including dorsal frontoparietal 

cortex, supplementary motor area (SMA) and anterior insula (Marsh, Bird, & 

Catmur, 2016; Cross & Iacoboni, 2013; Mengotti, Corradi-Dell'Acqua, & Rumiati, 2012; 

Crescentini, Mengotti, Grecucci, & Rumiati, 2011; Bien, Roebroeck, Goebel, & Sack, 2009).  
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Table 1.  
 fMRI Studies Investigating Imitation Control Using Modified Versions of the Imitation Inhibition Task. 

Evidence that the engagement of mPFC and rTPJ is inconsistent across fMRI studies that investigated imitation control using modified 
versions of the imitation inhibition task. For all studies, engagement of mPFC or rTPJ is reported only for contrasts that test for inhibiting 
the urge to automatically imitate. Engagement of the MD network is reported only for whole-brain analyses. Except for Wang et al. (2011), 
which used hand movements, all other tasks used modified versions of the imitation inhibition tasks involving finger movements (Brass 
et al., 2000). For a more detailed version of this table, see Supplementary Table S6. 
aNumber of male and female individuals not mentioned. 
bmPFC showed engagement only at p < .005, uncorrected. 

  Sample 

(Male:Female) 

Dissociation of Imitative and 

Spatial Processes 

Analysis Brain Networks 

ToM MD 

ROI Whole 

brain 

mPFC rTPJ 

Brass et al., 2001 10 (4:6)     ✓ ✓   ✓ 

Brass et al., 2005 20 (8:12)     ✓ ✓ ✓ ✓ 

Brass et al., 2009 20a   ✓   ✓ ✓   

Spengler et al., 2009 18 (9:9)   ✓ ✓ ✓ ✓ ✓ 

Bien et al., 2009 15 (5:10) ✓   ✓     ✓ 

Crescentini et al., 2011 19 (9:10) ✓   ✓     ✓ 

Cross & Iacoboni, 2013 24 (12:12) ✓   ✓     ✓ 

Mengotti et al., 2012 22 (10:12) ✓   ✓     ✓ 

Cross et al., 2013 25 (5:15) ✓   ✓ ✓   ✓ 

Klapper et al., 2014 19 (2:17)   ✓   ✓b     

Marsh et al., 2016 24 (7:17) ✓   ✓     ✓ 

Wang et al., 2011 20 (5:15)     ✓ ✓ ✓ ✓ 



www.manaraa.com

2. FUNCTIONAL SPECIFICITY AND SEX DIFFERENCES 

 36 

Moreover, the most common measure of imitation interference is confounded by 

spatial compatibility or the tendency to respond faster to a stimulus when it is on the 

same side of space as the response (e.g., Simon, 1969). To measure imitation interference 

independent of spatial compatibility effects, spatial and imitative processes need to be 

dissociated (Gowen, Bolton, & Poliakoff, 2016; Marsh et al., 2016; Boyer, Longo, & 

Bertenthal, 2012; Cooper, Catmur, & Heyes, 2012; Catmur & Heyes, 2011; Wiggett, 

Hudson, Tipper, & Downing, 2011; Bertenthal, Longo, & Kosobud, 2006). Therefore, the 

extent to which imitation inhibition relies on domain-specific and domain-general 

architectures remains unclear. Indeed, no research to date has dissociated spatial from 

imitative processes and used a functional ROI (fROI) approach (Fedorenko, Duncan, & 

Kanwisher, 2013; Kanwisher, 2010). Using a fROI approach enables investigation of how 

functionally defined brain circuits, such as the MD and ToM networks, operate during the 

control of imitation. 

A further area of imitation research that has received little attention is the extent 

to which imitative control varies across individuals, especially between the sexes. It has 

been argued that imitation is modulated by stable individual differences, such as empathy 

(Chartrand & Lakin, 2013) and sex (Butler et al., 2015; Sonnby-Borgström et al., 2008). 

Although it has been suggested that women excel across a range of social processes 

compared to men (Baron-Cohen, 2002), only a limited number of studies have 

investigated sex differences in social cognition, and the results are often mixed, do not 

replicate, or are specific to very select contexts or samples (Hyde, 2014; Miller & 

Halpern, 2014). Furthermore, studies of sex differences in social cognition have mainly 

focused on emotional expression perception and mental state reasoning with little 

emphasis placed on imitation (Krach et al., 2009; Russell, Tchanturia, Rahman, & 

Schmidt, 2007; Rahman, Wilson, & Abrahams, 2004; Campbell et al., 2002; Thayer & 

Johnsen, 2000). 

A recent study that used an RT measure of imitation inhibition (Brass et al., 2000) 

showed that female individuals showed a greater level of interference than male 

individuals (Butler et al., 2015). It is possible that this sex difference in imitation control 

may be mediated by empathy—female individuals have been shown to be more 

empathetic compared with male individuals (Christov-Moore et al., 2014; Baron-Cohen 

& Wheelwright, 2004). However, even though empathy has been associated with 

different types of imitation paradigms (Müller, Leeuwen, Baaren, Bekkering, & 
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Dijksterhuis, 2013; Sonnby-Borgström, Jönsson, & Svensson, 2003; Sonnby-

Borgström, 2002; Chartrand & Bargh, 1999), the evidence to date suggests that there is 

no link between imitation, as measured by RTs, and empathy (Genschow et al., 2017; 

Butler et al., 2015). In addition, in the study by Butler and colleagues (2015), it is unclear 

whether sex modulates the tendency to automatically imitate or the tendency to 

automatically respond in the same spatial location to the observed action. The former 

indicates a sex difference that is specifically tied to imitation control, whereas the latter 

might indicate a sex difference in processes associated with resolving spatial conflict. 

More recent work also showed a greater interference effect for female individuals 

compared with male individuals (Genschow et al., 2017), as well as greater error rates 

for predominantly female samples than male samples (Cracco et al., 2018). The imitation 

task used by Genschow and colleagues (2017) was controlled for left–right spatial 

compatibility by presenting the stimulus hand orthogonal to the response. Even though 

this shows that the sex difference remains when spatial compatibility is reduced, it does 

not rule out the possibility of orthogonal spatial compatibility (Weeks & Proctor, 1990). 

More generally, sex differences have been found on a wide range of inhibitory control 

tasks, including flanker, gaze cueing, arrow cueing, oddball, and Simon tasks, wherein 

female individuals have been shown to require more cognitive resources than male 

individuals to inhibit automatic response tendencies (Figure 1; Stoet, 2010, 2017; 

Clayson, Clawson, & Larson, 2011; Rubia, Hyde, Halari, Giampietro, & Smith, 2010; 

Bayliss, di Pellegrino, & Tipper, 2005). It is possible, therefore, that a domain-general 

system may underpin the sex differences observed across these tasks, including during 

imitation control, but no research to date has directly investigated this proposal.  

Across two fMRI experiments, the current study investigated functional specificity 

and sex differences in imitation control. Several aspects of the experimental design 

provide grounds to extend current understanding in meaningful and concrete ways. First, 

this is the first study to use independent functional localisers to identify MD and ToM 

networks in single subjects and directly test the involvement of these networks in 

imitation control. By doing so, we can directly test hypotheses regarding the role of 

functionally defined neural circuits (i.e., MD and ToM networks) and therefore minimize 

the reliance on reverse inference to infer cognitive function based on anatomical 

localization (Poldrack, 2006). Second, we used data from Experiment 1 to perform a 

power analysis to determine the sample size required to achieve a desired level of power 
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in Experiment 2. Given the inconsistent findings in prior studies, which had relatively 

small sample sizes, this multi-experiment approach made sure that our key experiment 

had over 80% power to detect expected effect sizes. Third, to avoid spatial compatibility 

confounds, in Experiment 2, we used a modified version of the imitation inhibition 

paradigm that allowed for an independent measure of spatial and imitative compatibility 

(Catmur & Heyes, 2011). If the inhibition of automatic imitation relies on a domain-

specific neural architecture that is associated with social cognition, as proposed by Brass 

and colleagues (2009), mPFC and rTPJ would be engaged in imitative control. In contrast, 

engagement of the MD network would suggest that domain-general processes sub-serve 

imitation control. Furthermore, the sex difference found previously (Butler et al., 2015) 

may be supported by differences in ToM or MD networks. 

 

 

Figure 1.  Sex differences in inhibitory control tasks. Female individuals experience greater 
interference than male individuals in multiple inhibitory control tasks. Images are produced based on 
figures and description in each experiment apart from Butler et al. (2015), which are the actual images 
used. Also, in Rubia et al. (2010), the sex difference showed increased interference by the oddball trials 
rather than the incongruent trials, and this is what is represented by the images. Finally, in Butler et al. 
(2015), participants completed 60 trials that were 30 ± 2 trials per compatible and incompatible 
condition.
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Methods 

Overview of the experimental approach. 

Experiment 1 used a group-level whole-brain analysis, which provided the basis 

for power analyses that set up Experiment 2 as the critical experiment with high 

statistical power (80%). In Experiment 2, to increase sensitivity and functional 

resolution, we used independent localisers to identify key functional circuits (i.e., MD and 

ToM networks), and analyses were performed in single subjects to precisely quantify the 

consistency of network engagement across individuals (Nieto-Castañón & 

Fedorenko, 2012; Kanwisher, 2010). Group-level analyses require responses across 

individuals to overlap in individual voxels. In contrast, the fROI approach allows 

identification of corresponding functional regions without the requirement of exact voxel 

overlap across individuals. Therefore, the same voxels need not be active across 

individuals, as long as voxels within a functionally defined ROI are consistently active 

across individuals. Consequently, group-level analyses may underestimate functional 

specificity, whereas fROI analyses can show increased sensitivity (Nieto-Castañón & 

Fedorenko, 2012). In addition, because of a constrained search volume, fROI analyses 

typically have higher statistical power than whole-brain analyses (Fedorenko, Hsieh, 

Nieto-Castañón, Whitfield-Gabrieli, & Kanwisher, 2010; Saxe, Brett, & Kanwisher, 2006). 

 

Experiment 1 

Participants.  

Twenty-eight participants (Mage = 23.96, SDage = 5.52; 14 women) participated for 

monetary compensation of £15. Participants gave informed consent in line with the 

guidelines set by the Research Ethics and Governance Committee of the School of 

Psychology at Bangor University, were right-handed, had normal or corrected-to-normal 

vision, and reported no history of neurological damage. 

Design and procedure.  

All participants performed the imitation task inside the scanner. The participants 

also did four additional tasks in the same scanning session as part of another experiment. 

The scanning session started with the imitation task, followed by a run of a face 

perception task, a flanker task (Eriksen & Eriksen, 1974), another run of the face 

perception task, a dynamic face localiser (Pitcher, Dilks, Saxe, Triantafyllou, & 

Kanwisher, 2011), and a ToM localiser (Dodell-Feder, Koster-Hale, Bedny, & Saxe, 2011). 
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The order of the tasks was counterbalanced across participants such that, of the 28 

participants, 14 participants did the imitation task first, and 14 participants did the 

flanker task first, with the order of the other tasks remaining the same. 

The imitation inhibition task.  

The imitation task was based on a stimulus–response compatibility paradigm 

developed by Brass et al. (2000) consisting of observation and execution of finger-lifting 

movements during fMRI scanning. Before the task, participants were instructed to hold 

down the “blue” and “yellow” buttons on the response box with their index and middle 

fingers of the right hand, respectively. A number cue (either “1” or “2”) was presented to 

participants, and they were asked to lift their index finger on presentation of the number 

“1” and the middle finger for the number “2.” Simultaneously, they also viewed an image 

of an index or middle finger lift of a left hand viewed from the third-person perspective, 

such that the fingers extended toward the participants. Thus, there were four trial types 

in an event-related design that led to two conditions—participants performing the same 

(congruent) or different (incongruent) finger movement to the observed hand image. 

Each trial started with a fixation cross (500 msec) followed by a neutral hand (for 

a random ISI of 500, 700, or 1000 msec) and a hand image with an index/middle finger 

lift, which stayed onscreen for 2000 msec, irrespective of when the participant made the 

response. Sequencing the hand images in such a way led to the appearance of apparent 

motion of the finger. After 2000 msec, the next trial started immediately with a fixation 

cross (500 msec). To separately model the influence of individual events in an event-

related design, the four trial types were pseudorandomized, such that each trial type was 

preceded by each other trial type and by itself an equal number of times (Wager & 

Nichols, 2003; Josephs & Henson, 1999). There were 17 trials in each block. The first trial 

was used to set up the randomization sequence but excluded from the analysis as it was 

not preceded by any other trial. The remaining 16 trials within a block were analysed and 

consisted of eight trials per condition. Each run consisted of five blocks separated by a 3-

, 4-, or 5-sec fixation cross. All participants completed one run of the imitation task. Thus, 

there were 80 trials of interest (40 congruent and 40 incongruent). 

Behavioural data analysis.  

RT on the imitation inhibition task was measured as the time from number cue 

onset to when participants made a response. To ensure participants were engaging 

correctly with the task, participants who had less than 80% accuracy were removed. In 
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addition, RTs more than 3 SDs away from the mean were excluded from the analyses. 

Furthermore, trials on which participants made an “error” were excluded from the 

analyses. Errors included an incorrect response, no response, a response after 2000 msec, 

and pressing an invalid key. The general compatibility effect was calculated as the RT 

difference between incompatible and compatible trials. A one-sample t test was 

performed to verify the presence of a general compatibility effect. A one-tailed 

independent sample t test was performed to determine if the compatibility effect was 

greater for female than male individuals. Mean differences, 95% confidence intervals 

(CI), and Cohen's d (Cohen, 1992) are reported for all effects of interest. For the one-

sample t test, Cohen's dz was calculated as mean difference divided by the standard 

deviation of the sample (Lakens, 2013). The 95% CI is reported for the lower bound for a 

one-tailed ttest. For the independent samples t test, Cohen's d was calculated as mean 

difference between the two groups divided by the pooled standard deviation 

(Cohen, 1992). 

fMRI data analysis. 

Data acquisition. Participants were placed supine in a 3-T Philips MRI scanner 

using a SENSE 32-channel phased array coil. They were requested to avoid head motion 

during the scanning session and were presented stimuli on a computer screen placed 

behind the scanner made visible by a mirror attached to the head coil. Responses on the 

task were recorded with the help of a button box that recorded RTs. Thirty-five axial 

slices were acquired in an ascending order using a T2*-weighted EPI sequence. The 

reference slice for slice time correction was the slice acquired in the middle of the 

sequence (Slice 17). Parameters are as follows: voxel size = 3 × 3 × 4 mm, repetition time 

= 2000 msec, echo time = 30 msec, flip angle = 90°, slice thickness = 4 mm, slice gap = 0.8 

mm, field of view = 230 × 230 × 167 mm3. One hundred seventy-four volumes were 

collected for the imitation task. 

Four dummy scans collected at the beginning of each run of the task were not 

included in any analyses. A high-resolution T1-weighted anatomical image was also 

collected with the following parameters: repetition time = 12 msec, echo time = 3.5 msec, 

flip angle = 8°, number of axial slices = 170, voxel size = 1 mm3, field of view = 250 × 250 

× 170 mm3. 

Data preprocessing and general linear model. Functional images were pre-

processed in SPM-8. Data were realigned, un-warped, and corrected for slice timing. Data 
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were normalized to the Montreal Neurological Institute (MNI) template with a resolution 

of 3 mm3, and images were spatially smoothed (8 mm). 

For the imitation task, a design matrix was fit for each participant with three 

regressors: one each for the correct trials of the two conditions, and one for the “new” 

trials (i.e., the first trial of each block). The new trials were not used in any further 

analyses. Stimulus onsets were time-locked to the presentation of the number cue with a 

duration of 0 sec and convolved with the standard hemodynamic response function. 

Whole-brain analyses. Contrast images (incompatible > compatible) were 

calculated at the single-subject level for the imitation inhibition task to identify regions 

of the brain showing a compatibility effect. Group-level contrast images were created 

from these single-subject contrast images to identify regions that were consistently 

engaged for the compatibility effect across the sample using one-sample t tests. To 

identify a neural signature of the sex difference in imitation inhibition, a Sex × 

Compatibility ANOVA was computed (female [incompatible > compatible] > male 

[incompatible > compatible]) as female individuals have been shown to have a higher 

compatibility effect than male individuals in the imitation task (Butler et al., 2015). For 

all analyses, contrast images were taken to the group level and thresholded using a voxel-

level threshold of p < .001 and a voxel extent of 10 voxels. Correction for multiple 

comparisons was performed at the cluster level (Friston, Worsley, Frackowiak, 

Mazziotta, & Evans, 1994), with clusters that survive correction for multiple corrections 

using a family-wise error correction (p< .05; shown in bold font in Table 2A and B; 

see Results). This restricts the likelihood of false positives (Eklund, Nichols, & 

Knutsson, 2016). Clusters of activity were identified with the SPM Anatomy toolbox 

(Eickhoff et al., 2005). 

 

Experiment 2 

Participants.  

Fifty-five participants (Mage = 22.04, SDage = 3.70; 27 women) were recruited from 

the Bangor community and were either reimbursed with £15 or three course credits for 

their participation. Informed consent was obtained in line with the guidelines set by the 

Research Ethics and Governance Committee of the School of Psychology at Bangor 

University. All participants were right-handed, did not have dyslexia or dyspraxia, were 

not on any medication, did not report neurological damage, and had normal or corrected-
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to-normal vision. The sample size was determined by a power analysis based on 

Experiment 1 data (see Results). 

Design and procedure.  

Each participant performed three tasks inside the scanner—the automatic 

imitation task, a ToM network localiser task, and an MD network localiser task. The order 

of the tasks was as follows: two runs of the MD network localiser task were interspersed 

between three runs of the imitation task to offset boredom. This was followed by two 

runs of the ToM network localiser task. The ToM task was always presented at the end to 

reduce the likelihood that belief reasoning during the ToM task would influence 

performance in the imitation task. The order was the same for all participants. 

Participants also completed a 50-item International Personality Item Pool questionnaire 

(Donnellan, Oswald, Baird, & Lucas, 2006; Goldberg, 1992; unrelated to the current 

study) and a stimulus rating form where they were asked to rate the hand stimulus from 

the imitation task as either male, female, or neutral. The entire session lasted 

approximately 1.5 hr, with 60 min inside the scanner. All stimulus presentation was 

coded in MATLAB 2015b and presented with PsychToolBox 3.0.6. 

The imitation inhibition task.  

The automatic imitation task was similar to the one used in Experiment 1, but with 

two changes. First, we used a different hand stimulus, which was rated as sex-neutral by 

observers. The sex of the hand was an important consideration to minimize the 

possibility of an own-sex bias while exploring sex differences in imitation inhibition. As 

such, we conducted pilot work that asked observers to evaluate a range of hand stimuli 

in terms of masculinity and femininity, and we selected the most sex-neutral stimulus 

(see Supplementary Information, Development of Stimuli). We only used one hand 

stimulus to simplify the design space. Although using one sex-neutral hand stimulus 

provided greater experimental control, it may have harmed our ability to study or elicit 

sex differences. Future work could probe this further by varying the sex of the stimulus 

and/or by using more sex-typical stimuli. 

The second change that we made was to calculate an imitative compatibility effect 

independent of spatial compatibility (Catmur & Heyes, 2011). To do so, participants 

viewed an image of an index or middle finger lift of either a right or left hand but always 

responded with their right hand. Using right- and left-hand images produced eight trial 

types and four main conditions of interest (see Figure 2A). For example, when cued to lift 
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their index finger while observing a left-hand index finger lift, the observed movement is 

both imitatively compatible (same finger), as well as spatially compatible (same side of 

space to the executed movement). In contrast, when observing a right-hand index finger 

lift, the participant's response is imitatively compatible (same finger), but it is not on the 

same side of space (they are spatially incompatible). Thus, participants performed the 

same (imitatively compatible) or different (imitative incompatible) finger movement on 

the same (spatially compatible) or different (spatially incompatible) side of space to the 

observed finger movement, giving rise to the following four conditions: 

1.  Imitatively and spatially compatible 

2.  Imitatively and spatially incompatible 

3.  Imitatively compatible and spatially incompatible 

4.  Imitatively incompatible and spatially compatible 

Sequencing information and pseudo-randomization was the same as Experiment 

1. There were 65 trials in each block. The first trial was used to set up the randomization 

sequence but excluded from the analysis as it was not preceded by any other trial. The 

remaining 64 trials were analysed, consisting of 16 trials per condition. Each run 

consisted of two blocks separated by a 3-sec fixation cross. All participants completed 

three runs of the imitation task. In total, there were 384 trials of interest, 96 per condition. 

Experiment 2, therefore, had more than twice the number of trials per condition than 

Experiment 1. 

Localiser tasks. 

The MD network localiser. To identify regions of the MD network, a verbal 

working memory (WM) task was used (Fedorenko, Behr, & Kanswisher, 2011). 

Participants were asked to remember the sequence in which either four (easy condition) 

or eight (hard condition) digit sequences were presented on screen (see Figure 2B). After 

each trial, participants had to choose between two sequences presented numerically, one 

of which matched the sequence in which the digits were presented as words. Feedback 

was provided as to whether they answered correctly or incorrectly. The hard > easy 

contrast has been found to robustly activate regions of the MD network (Fedorenko et 

al., 2011, 2013). Each run consisted of 10 experimental blocks (each 34 sec long) and 6 

fixation blocks (each 16 sec long). The total run lasted for 436 sec. Each participant 

completed two runs of the WM task.
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Figure 2.  Stimuli for the imitation inhibition and functional localiser tasks. Stimuli and 
trial design for the imitation inhibition task (A), the Multiple Demand (MD) network 
localiser task (B), and the Theory-of-Mind network localiser task (C). For the automatic 
imitation task, spatial compatibility was calculated as spatial incompatible (2 + 3) minus 
(1 + 4), and imitative compatibility was calculated as imitatively incompatible (2 + 4) 
minus imitative compatible (1 + 3) trials.  
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The ToM localiser. To localise brain regions involved in mental state reasoning, 

we used a paradigm developed by Dodell-Feder and colleagues 

(2011; saxelab.mit.edu/superloc.php). This localiser task (see Figure 2C) includes 20 

stories, each describing a false representation. Ten stories included out-of-date beliefs 

(the false belief condition), and the other 10 included out-of-date physical 

representations (photographs/maps; the false photograph condition). The false belief > 

false photograph contrast has been shown in prior work to robustly activate regions 

involved in mentalizing (Dufour et al., 2013). All trials consisted of a story (10 sec), 

followed by a true or false question (4 sec). Each story was separated by a 12-sec rest 

period. The order of the stories and conditions was the same for all participants. Each 

participant completed two runs of this task, with five trials per condition presented in 

each run. 

Behavioural data analysis.  

RT and accuracy were recorded in the same way as Experiment 1. Compatibility 

effects were calculated as follows: spatial compatibility = spatially incongruent trials − 

spatially congruent trials; imitative compatibility = imitatively incongruent trials − 

imitatively congruent trials. Behavioural data were analysed in the same fashion as 

Experiment 1, only separately for imitative and spatial compatibility effects. The main 

aim of the experiment was to test for the presence of imitative and spatial compatibility 

effects, as well as for differences between the sexes (female > male). Hence, we used a 

one-sample t test to verify the presence of spatial and imitative compatibility effects and 

a one-tailed independent samples t test to test whether female individuals showed a 

higher spatial/imitative compatibility effect than male individuals. 

fMRI data analysis. 

Data acquisition. Data acquisition procedures were the same as Experiment 1. 

There were 249 volumes collected for the imitation task, 219 for the MD network 

localiser, and 136 for the ToM localiser for each run. 

Data pre-processing and general linear model. All MRI data were pre-processed 

in SPM-8. Data were realigned, unwarped, and corrected for slice timing. Data were 

normalized to the MNI template with a resolution of 3 mm3. Normalizing to a common 

space instead of the individual's native anatomical space allows for comparisons with 

previous studies (relying on the common space) and is preferred when definition of fROIs 
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is based on group-constrained functional data (Nieto-Castañón & Fedorenko, 2012). 

Images were spatially smoothed (8 mm). 

For the imitation task, a design matrix was fit for each participant with five 

regressors: one each for the correct trials of the four conditions and one for “new” trials 

(i.e., the first trial of each block). Stimulus onsets were time-locked to the presentation of 

the number cue with a duration of 0 sec and convolved with the standard hemodynamic 

response function. Contrast images were calculated for each individual participant to 

identify regions of the brain showing a spatial (spatially incompatible > spatially 

compatible) or imitative (imitatively incompatible > imitatively compatible) 

compatibility effect. 

For the localiser tasks, the design matrix consisted of regressors for each 

experimental condition (“Belief” and “Photo” for the ToM localiser and “Hard” and “Easy” 

for the MD localiser). The onset and duration of each condition was specified and 

convolved with the standard hemodynamic response function. Contrast images were 

then calculated for each individual subject to identify regions that responded to cognitive 

demand (hard > easy) and mentalizing (belief > photo). 

Definition of group-constrained subject-specific analyses. For the group-

constrained subject-specific (GSS) analyses, the spm_ss toolbox was used, which runs in 

SPM using MATLAB (web.mit.edu/evelina9/www/funcloc.html). The GSS approach 

developed by Fedorenko et al. (2010) and Julian, Fedorenko, Webster, and Kanwisher 

(2012) was used to define fROIs for each participant. These fROIs were defined using (1) 

each individual's activation map for the localiser tasks and (2) group-constraints or 

masks. These masks refer to a set of “parcels,” which demarcate areas in the brain where 

prior work has been shown to exhibit activity for the localiser contrasts. 

Two sets of fROIs were defined (Figure 3): MD network fROIs that have been 

known to exhibit activity for a variety of cognitive control tasks (Fedorenko et al., 2013; 

Duncan, 2010) and ToM network fROIs that support mentalizing and have been 

specifically implicated for imitation inhibition (Brass et al., 2009; Saxe & 

Kanwisher, 2003). For the ToM network, four parcels were derived from a group-level 

map from 462 participants for the false belief > false photograph contrast (Dufour et 

al., 2013). These regions included the dorsal, middle, and ventral mPFC (DMPFC, MMPFC, 

and VMPFC, respectively) and the rTPJ. For the MD network, we used 16 parcels derived 

from a set of functional parcels created by Idan Blank based on a probabilistic overlap 
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map from 197 participants (available at https://evlab.mit.edu/funcloc/download-

parcels). These included areas in bilateral superior and inferior parietal lobules (SPL and 

IPL, respectively), intra-parietal sulcus (IPS), inferior and middle frontal gyri (IFG, MFG), 

precentral gyrus (PrecG), insula, and the SMA. These areas were chosen for two reasons: 

(1) they were part of the MD network (Fedorenko et al., 2013) and (2) they have been 

shown to respond in prior work to the specific type of interference control of relevance 

to the current study (Marsh et al., 2016; see also Experiment 1). 

 

 

Figure 3.  Graphical representation of the parcels used to define the MD and ToM 
network fROIs. The MD network consisted in 16 parcels, and the ToM network included 
4 parcels. 

 

For each individual, these masks were used to constrain the selection of subject-

specific fROIs. For each individual, for the ToM network mask, the belief > photo contrast 

was used, and the top 10% of voxels (based on t values) within each parcel were defined 

as that individual's fROI. Similarly, for the MD network mask, each individual's top 10% 

of voxels (based on t values) in the hard > easy contrast were defined as that individual's 

fROI. Using the top 10% of voxels, rather than a fixed threshold (e.g., all voxels with p < 

.001), ensures a constant size of each fROI across individuals (Blank, Kanwisher, & 

Fedorenko, 2014). We also ran the analyses using a fixed threshold (p < .001, 

uncorrected) and found the same pattern of results (see Supplementary Tables S1.1 and 

S1.2). All analyses reported below are based on the top 10% of voxels that were 

generated from the localiser data fROIs. Percent signal change values were extracted 

from all fROIs. For the main analysis, all runs of the localiser tasks were used to define 
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fROIs in each individual. Responses in these fROIs were estimated for spatial and 

imitative compatibility effects. 

In a supplementary analysis, responses to the localiser contrasts were also 

estimated to ensure that all the fROIs showed the expected response with respect to the 

localiser contrasts. This supplementary analysis ensured that the ToM network showed 

a robust belief > photo and the MD network showed a robust hard > easy effect. For these 

localiser analyses, an across-run cross-validation approach was used (Nieto-Castañón & 

Fedorenko, 2012) to ensure that data used for defining fROIs were independent of data 

used for estimating response (Kriegeskorte, Simmons, Bellgowan, & Baker, 2009). 

As implemented in GSS, statistical tests were performed on the percent signal 

change values using standard Student's t tests. One-sample t tests were performed to 

investigate the response of the MD and ToM network fROIs to spatial and imitative 

compatibility effects. Based on prior behavioural findings, which showed greater RT 

interference for female than male individuals during imitation inhibition (Butler et 

al., 2015), we expected to observe sex differences in those regions that also show simple 

compatibility effects. That is, we expected brain regions that were generally involved in 

spatial and/or imitative control to show sex differences. As such, we only investigated 

sex difference in those fROIs that showed spatial or imitative compatibility effects. To do 

so, one-tailed independent samples t tests were performed that tested for greater 

engagement for female than male individuals. False discovery rate (FDR) multiple-

comparison correction (p < .05) was used to correct for the number of fROIs in each 

functional network. 

 

Results 

Experiment 1 

Behavioural results. 

A one-sample t test confirmed a general compatibility effect (mean = 80.02, SE = 

8.19), t(27) = 9.77, p ≤ .001, 95% CI (63.22, 96.82), Cohen's dz = 1.85. A one-tailed 

independent samples ttest showed no differences between male individuals (mean = 

70.94, SE = 13.30) and female individuals (mean = 89.10, SE = 9.43), t(26) = 1.114, p = 

.138, 95% mean difference = 18.16, 95% CI (−9.64), Cohen's d = 0.42. All participants had 

>80% accuracy; hence, all were included in the analysis. Trials on which participants 

made an incorrect response (0.95%) did not make a response or responded after 2000 
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msec (0.52%) or pressed an invalid key or responded too fast (0.09%) were excluded 

from the analyses. 

fMRI results. 

In a whole-brain analysis, compatibility effects (general incompatible > general 

compatible) were observed in dorsomedial frontal cortex and bilaterally in dorsolateral 

frontal and parietal cortices (Figure 4A; Table 2A). A small volume correction (SVC) using 

MD and ToM network parcels was performed to restrict the search area to ToM and MD 

networks. Using the MD network SVC, results showed widespread activation of frontal 

and parietal regions, which survived correction for multiple comparisons (Figure 4A, Ci). 

In contrast, using the ToM network SVC, no clusters survived correction for multiple 

comparison, and only rTPJ showed a compatibility effect at more lenient threshold (p < 

.001, uncorrected; see Supplementary Tables S2.1 and S2.2). Anterior mPFC did not show 

the general compatibility effect even at this more lenient threshold. 

The Sex × Compatibility interaction revealed clusters in left SPL extending into 

postcentral gyrus and a further cluster in the cerebellum (Figure 4B; Table 2B). No 

clusters emerged following an SVC analysis using the MD and ToM network masks, which 

demonstrate that the clusters emerging from the Sex × Compatibility interaction do not 

overlap with the MD or ToM networks (see Supplementary Tables S2.1 and S2.2; Figure 

4Cii and Dii). 

 

Power analysis. 

We set up Experiment 1 to estimate the appropriate sample size for our critical 

experiment (Experiment 2). To this end, a power analysis was performed using the 

fMRIpower software package (fMRIpower.org; Mumford & Nichols, 2008). We 

performed the power analysis as follows: First, a whole-brain map of the imitation task 

general compatibility effect (incompatible > compatible) from Experiment 1 was entered 

into fMRIpower. Next, two ROIs were identified: the MD network (Duncan, 2010) and the 

ToM network (Saxe & Kanwisher, 2003). The MD and ToM network masks used were the 

same as in Experiment 2 (see Methods). As recommended, we corrected the alpha value 

by the number of ROIs (0.05/2 = 0.025) before performing power analyses 

(Mumford, 2012). 

Results from these power analyses showed that testing 50 participants in 

Experiment 2 would provide 80% power to detect effects as large as (or larger than) the 
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average effect size that was observed across all nodes in the MD network in Experiment 

1 (Cohen's d = 0.4, mean signal change = 0.23, SD = 0.58). We did not have the same level 

of power to detect smaller effects than these, such as those observed in the ToM network 

in Experiment 1. Indeed, the effects in the ToM network in Experiment 1 were so small 

that we would have needed an impractically large sample size to achieve 80% power. As 

such, in Experiment 2, we decided to test participants until we had 50 usable data sets. 

Design differences between Experiments 1 and 2 are worth considering when 

interpreting these power calculations because we may be underestimating the power of 

our design in Experiment 2. The toolbox used to run power calculations (fmripower.org) 

can only estimate power for a future experiment with the same design as the current data 

set (Mumford & Nichols, 2008). However, the designs of Experiments 1 and 2 differed in 

two ways. First, Experiment 1 measured a general compatibility effect, whereas in 

Experiment 2, we broke this effect down into spatial and imitative compatibility effects. 

Second, Experiment 2 had more than double the amount of trials per condition as 

Experiment 1. Therefore, the primary contrast used to determine power was not identical 

to the contrast used in Experiment 2, but due to a greater number of trials per condition 

to estimate the effects of interest, we may underestimate power in Experiment 2. Given 

the lack of sex differences in Experiment 1 in our ROIs, we did not have sufficient power 

to convincingly investigate neural differences between male and female individuals in 

Experiment 2. However, given our a priori predictions regarding sex, we continue to 

report sex difference analyses throughout the article. 
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Table 2.  
General Compatibility Effect and Sex × Compatibility Interaction for the Imitation Inhibition Task 
(Experiment 1). 

N.B. Regions surviving a voxel-level threshold of p < .001, and 10 voxels are reported for the (A) general 
compatibility effect and (B) Sex × Compatibility interaction for the imitation inhibition task. Subclusters at 
least 8 mm from the main peak are listed. Bold font indicates clusters that survive correction for multiple 
corrections using a family-wise error (FWE) correction (p < .05). MNI = Montreal Neurological Institute; SPL 
= superior parietal lobule; IPL = inferior parietal lobule; PrecG = precentral gyrus; MFG = middle frontal gyrus; 
L = left hemisphere; R = right hemisphere.

Region Cluster 
Size 

p FWE 
Corr 

t MNI Coordinates 

x y z 

(A) General Compatibility Effect (Incompatible > Compatible) 

L IPL extending into SPL and superior 
frontal gyrus 

986 <.001 8.40 −39 −40 43 

6.50 −36 −37 70 

6.38 −27 −7 70 

L cerebellum 150 .001 5.79 −21 −55 −41 

4.95 −30 −55 −35 

4.72 −9 −70 −44 

R cerebellum 198 <.001 5.71 21 −58 −44 

5.12 45 −46 −32 

4.32 39 −55 −23 

R PrecG extending across superior frontal 
gyrus and MFG 

183 <.001 5.12 27 −1 70 

5.04 42 2 58 

4.39 39 −10 61 

R postcentral gyrus extending into SPL and 
IPL 

481 <.001 5.18 33 −40 73 

4.55 42 −40 67 

4.50 48 −34 37 

R posterior middle temporal gyrus 41 .179 4.61 66 −46 1 

4.13 57 −40 −8 

3.63 60 −43 13 

L insula 24 .458 4.67 −36 17 −2 

R posterior medial frontal cortex 20 .564 4.79 3 −4 73 

L posterior medial frontal cortex 55 .083 4.40 −3 −1 52 

3.82 −6 11 52 

R pallidum extending into thalamus 11 .834 4.14 21 −7 −2 

3.80 15 −6 7 

L paracentral lobule 11 .834 3.89 −12 −19 79 

R middle cingulate cortex 20 .564 3.85 9 14 43 

3.78 6 8 49 

3.67 6 17 52 

  

(B) Sex × Compatibility [Female (Incompatible > Compatible) > Male (Incompatible > Compatible)] 

L SPL extending into postcentral gyrus 93 .011 4.98 −21 −37 70 

4.80 −30 −19 46 

4.60 −24 −31 52 

L cerebellum 16 .679 4.34 −24 −55 −38 

4.04 −21 −55 −29 



www.manaraa.com

2. FUNCTIONAL SPECIFICITY AND SEX DIFFERENCES 

 53 

 
Figure 4.  General compatibility effect and Sex × Compatibility interaction in the imitation 
inhibition task (Experiment 1). (A) Results for the general compatibility effect (incompatible > 
compatible). Clusters emerged in the dorsal frontoparietal cortices. (B) Results for the Sex × 
Compatibility interaction (defined as [female (compatibility effect) > male (compatibility effect)]. 
Clusters emerged in the left superior parietal cortex extending into the postcentral gyrus. The MD 
network parcels were overlapped with the general compatibility effect (C(i)) and the Sex × 
Compatibility interaction (C(ii)). An overlap was found between MD parcels and regions engaged 
by the general compatibility effect. The ToM network parcels were also overlapped with the 
general compatibility effect (D(i)) and Sex × Compatibility interaction (D(ii)). No overlapping 
regions were found for the ToM network and regions engaged for the general compatibility effect 
or for the Sex × Compatibility interaction. Voxel-wise threshold used for all images was p < 
.001, k = 10. For a complete set of results, see Table 2 and Supplementary Tables S2.1 and S2.2.
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Experiment 2 

Behavioural results. 

The hand stimulus used in Experiment 2 for the imitation inhibition task was 

perceived as “neutral” by most participants (meanrating = 5.20, SDrating = 2.04; rated on a 

scale of 1–9, where 1 = most masculine, 5 = neutral, and 9 = most feminine). To ensure 

participants were engaging correctly with the task, runs on which participants had less 

than 80% accuracy (two runs of one participant) were removed. In addition, RTs more 

than 3 SDs away from the mean (two runs of one participant and one run of another 

participant) were excluded from the analyses. Furthermore, trials on which participants 

made an incorrect response (1.52%), did not make a response or responded after 2000 

msec (0.61%), or pressed an invalid key (0.22%) were also excluded from the 

analyses. Figure 5 shows the imitative and spatial compatibility effects for both the sexes. 

For RT data, see Supplementary Table S3. 

 

 

Figure 5. Behavioural sex differences in imitative and spatial compatibility effects. The spatial and 
imitative compatibility effects (RTs) in male and female individuals displayed in milliseconds. 
Error bars denote standard error of mean. 
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Spatial compatibility. A one-sample t test confirmed a spatial compatibility effect 

(mean = 41.94, SE = 2.87), t(54) = 14.618, p ≤ .001, 95% CI (36.19, 47.69), Cohen's dz = 

1.97. A one-tailed independent samples ttest evidenced a greater spatial interference 

effect for female individuals (mean = 50.98, SE = 3.67) as compared with male individuals 

(mean = 33.20, SE = 3.75), t(53) = −3.38, p < .001, mean difference = 17.76, 95% CI (8.91); 

Cohen's d = 0.91. 

Imitative compatibility. A one-sample t test showed a significant imitative 

compatibility effect (mean = 15.37, SE = 2.86), t(54) = 5.37, p < .001, 95% CI (9.63, 21.11), 

Cohen's dz = 0.72. There was no significant difference between male individuals (mean = 

15.62, SE = 4.39) and female individuals (mean = 15.11, SE = 3.73), t(53) = 0.09, p = .465, 

mean difference = −0.51, 95% CI (−10.18), Cohen's d = 0.02. 

 

fMRI results. 

Five participants were excluded from the fMRI analyses due to lower than 80% 

accuracy in two runs of the imitation task and the MD network localiser task (n = 1) and 

excessive head motion (n = 4; displacement > 4 mm) in all runs of the imitation task 

and/or all runs of either of the localiser tasks. Thus, the final sample consisted of 50 

participants (Mage = 22.26, SDage = 3.71; 24 female). From these 50 participants, two 

sessions of the imitation task were also excluded for one participant due to excessive 

head motion and one participant's data for one session of the imitation task could not be 

used because the data file was corrupted. 

Localiser tasks.  

All fROIs showed the predicted responses to the localiser contrasts (as estimated 

using data not used for defining ROIs; see Methods). All the MD network fROIs showed a 

robust hard > easy effect (ts > 9.13, ps < .0001), and ToM network fROIs showed a robust 

belief > photo effect (ts > 5.70, ps < .0001). For responses for each individual fROI 

separately, see Supplementary Tables S4.1 (MD) and S4.2 (ToM). 

The automatic imitation task. 

GSS analyses. Figure 6 shows the mean percent signal change for each fROI in the 

MD and ToM networks for spatial (spatial incompatible > spatial compatible) and 

imitative compatibility (imitative incompatible > imitative compatible) effects. 

MD network fROIs. 

Spatial compatibility. All 16 fROIs of the MD network showed a spatial 

compatibility effect (ts > 1.8, ps < .04; Figure 6A, Table 3), which survived correction for 
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multiple comparisons (p < .05, FDR-corrected). The mean percent signal change across 

the MD network for spatial compatibility was 0.70, SD = 1.66, Cohen's d = 0.42. No 

significant differences were found between male and female individuals in percent signal 

change values in any of the fROIs (ts < 1.6, ps > .1), except right SPL which approached 

significance (p = .062; Figure 7A). 

Imitative compatibility. None of the 16 MD network fROIs showed an imitative 

compatibility effect, which survived correction for multiple comparisons (all ps > .05, 

FDR-corrected). Five MD network fROIs showed an imitative compatibility effect at an 

uncorrected threshold (ts > 1.95, ps < .05). These fROIs include bilateral IPL, bilateral IPS, 

and the right IFG (Figure 6A, Table 3). Four further fROIs showed an imitative 

compatibility effect that approached significance, which included left IFG (p = .07), right 

SPL, right MFG, and right PrecG (p = .06). The mean percent signal change across the MD 

network for imitative compatibility was 0.54, SD = 2.06, Cohen's d = 0.26. There was no 

significant difference between male and female individuals in any of these fROIs (ts < 

1.5, ps > .08; see Figure 7B). 

ToM network fROIs. 

None of the ToM network fROIs showed imitative (ts < 1.3, ps > .50) or spatial (ts 

< 1.6, ps > .06) compatibility effects, even at an uncorrected significance threshold 

(Figure 6B, Table 4). rTPJ showed a spatial compatibility effect that approached 

significance (p = .065). The mean percent signal change across the ToM network for 

spatial compatibility was −0.16, SD = 1.88, Cohen's d = −0.08, and the mean percent signal 

change across the ToM network for imitative compatibility was −0.32, SD = 2.02, 

Cohen's d = −0.16. 

Whole-brain analyses. 

For completeness and for use in future meta-analyses, we also computed group-

level whole-brain analyses separately for general, spatial, and imitative compatibility 

effects, as well as for Sex × Compatibility interactions (see Supplementary Table S4). 

 

Open Science 

Data for Experiments 1 and 2 are freely available online including behavioural and fROI 

data (osf.io/45x6z), as well as whole-brain t maps 

(https://neurovault.org/collections/3218).
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Table 3.  
Responses in each MD network fROI for Spatial and Imitative Compatibility. 

 
N.B. For each individual, for the MD network mask, the hard > easy contrast was used, 
and the top 10% of voxels (based on tvalues) within each parcel were defined as that 
individual's fROI. Uncorrected p values as well as FDR-corrected p values are reported. 
Cells in bold are fROIs that survive correction for multiple comparisons (p < .05, FDR-
corrected). 

ROI ROI 
Size 

Intersubject 
Overlap 

Average 
ROI Mask 

Size 
(Voxels) 

Spatial 
Compatibility 

Imitative 
Compatibility 

t p p-
FDR 

t p p-
FDR 

L_SPL 1173 1 117 2.00 .026 .028 1.13 .131 .191 

L_IPS 287 1 28 2.00 .026 .028 1.96 .028 .089 

L_IPL 641 1 64 2.72 .005 .019 2.05 .023 .089 

L_MFG 536 1 53 2.16 .018 .028 0.53 .301 .324 

L_PrecG 338 1 33 2.17 .018 .028 0.91 .184 .227 

L_IFG 181 1 18 1.83 .040 .037 1.53 .066 .118 

L_Insula 197 1 19 2.78 .004 .019 0.52 .304 .324 

L_SMA 294 1 29 2.52 .008 .020 0.39 .349 .349 

R_SPL 1181 1 118 2.30 .013 .026 1.56 .062 .118 

R_IPS 227 1 22 2.03 .024 .028 2.30 .013 .069 

R_IPL 599 1 59 2.65 .005 .019 2.50 .008 .063 

R_MFG 535 1 53 3.57 <.001 .006 1.55 .064 .118 

R_PrecG 269 1 26 2.43 .009 .021 1.59 .060 .118 

R_IFG 265 1 26 2.61 .006 .019 2.53 .007 .063 

R_Insula 184 1 18 2.09 .021 .028 1.24 .120 .175 

R_SMA 328 1 32 2.30 .022 .028 1.06 .148 .198 
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Figure 6. The parcels used to define individual fROIs and the responses to spatial and imitative compatibility effects in the MD (A) and ToM 
(B) network fROIs are shown. Error bars denote standard error of mean. All MD network fROIs were sensitive to spatial compatibility effects 
(FDR-corrected, p < .05). Bilateral IPL, bilateral IPS, and the right IFG showed a significant response for imitative compatibility effects, but at 
an uncorrected threshold of p < .001. No ToM network fROIs showed engagement for either spatial or imitative compatibility effects. 
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Figure 7. Responses to spatial (A) and imitative compatibility (B) effects separately for male and female participants in the MD network. Error 
bars denote standard error of mean. None of the fROIs showed a sex difference either in imitative or spatial compatibility that survived 
correction for multiple comparisons.
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Discussion 

The current study provides the most robust neuroimaging evidence to date for a lack of 

functional specificity in the neural circuits supporting the inhibition of automatic 

imitation. With higher statistical power and functional sensitivity than prior studies, 

across two experiments the results demonstrate that imitation inhibition engages a 

domain-general neural network as opposed to a brain network that supports social 

cognition. As such, models of imitation control need updating to include an increased role 

for domain-general processes and a reduced or altered role for domain-specific 

processes. Furthermore, in terms of behaviour, female individuals showed a higher 

spatial but not imitative compatibility effect than male individuals. However, there was 

no sex difference in the neural mechanisms underlying spatial or imitation control, which 

suggests that further exploration of sex differences in inhibitory control is required. 

Functional Specificity in Imitation Inhibition 

 

Our findings show that brain regions that are engaged in a verbal WM task, which 

are associated with the operation of the MD network (Fedorenko et al., 2013; 

Duncan, 2010), are also engaged during spatial and imitative conflict resolution. These 

results support the involvement of a domain-general cognitive and neural system during 

the control of imitation. By contrast, brain regions that are engaged in a belief reasoning 

task, which are associated with the operation of the ToM network (Van Overwalle, 2009; 

Saxe & Kanwisher, 2003; Frith & Frith, 1999), show no engagement during the inhibition 

of imitation. As such, we provide no evidence for domain specificity in cognitive and 

neural systems that control imitation. 

Brass and colleagues (2009) proposed that, in the context of imitation control, 

rTPJ is involved in self–other distinction, and mPFC enforces the self-generated action 

over the observed action. Our findings are inconsistent with the hypothesis that a specific 

neural system related to social cognition is engaged in the inhibition of automatic 

imitative tendencies. mPFC and rTPJ have both been implicated in imitation inhibition by 

some studies (Wang et al., 2011; Brass et al., 2009; Spengler et al., 2009; Brass, Derrfuss, 

& von Cramon, 2005). In contrast, other studies found engagement of mPFC only (Cross 

et al., 2013; Brass et al., 2001) or of domain-general regions rather than mPFC and rTPJ 

(Marsh et al., 2016; Cross & Iacoboni, 2013; Crescentini et al., 2011; Bien et al., 2009). In 
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both experiments in the current study, we had larger sample sizes than prior 

experiments, and in Experiment 2, we had sufficient statistical power to be confident in 

detecting effects as large as previously observed in mPFC and rTPJ, should they exist. 

Taken together with prior findings (Table 1), we suggest that, during the inhibition of 

imitation, the consistency of mPFC and rTPJ engagement across individuals is relatively 

low, whereas the consistency of MD network engagement across individuals is relatively 

high. 

These results have potential implications for self–other control theories of social 

cognition more generally. Mostly based on imitation research, which previously 

suggested that mPFC and rTPJ are engaged in imitation inhibition, self–other control is 

thought to be a candidate mechanism for a diverse set of social functions (de Guzman, 

Bird, Banissy, & Catmur, 2016; Sowden & Shah, 2014; Brass et al., 2009). For example, 

self–other control processes have been linked to autism, empathy, and theory of mind (de 

Guzman et al., 2016; Sowden & Shah, 2014; Spengler et al., 2009). However, recent 

behavioural findings, which used larger sample sizes than prior work and meta-analytical 

approaches, do not support the view that the control of imitation varies as a function of 

social disposition as indexed by autistic-like traits and empathy (Cracco et al., 2018; 

Genschow et al., 2017; Butler et al., 2015). In light of these recent behavioural results, the 

lack of engagement of mPFC and rTPJ in the current study raises an important question 

about the reliance of imitation inhibition on a self–other distinction. One possibility is 

that, instead of a distinctly social mechanism (Bertenthal & Scheutz, 2013; Boyer et 

al., 2012), inhibiting imitative tendencies may involve the same cognitive processes that 

are used when inhibiting other nonsocial external influences (Cooper et al., 2012; 

Heyes, 2011). 

Alternatively, the engagement of mPFC and rTPJ during self–other control 

processes may be more complicated than current models of social cognition suggest. 

Indeed, a small number of neurostimulation studies have shown that modulation to rTPJ 

can influence performance on RT measures of imitation (Sowden & Catmur, 2015; 

Hogeveen et al., 2014). In addition, mPFC and rTPJ have been found to be involved in the 

modulation of automatic imitation. For example, Klapper et al. (2014) found a higher 

response in rTPJ when an interaction partner looked human and was believed to be 

human compared with when neither of these animacy cues was present. Wang and 

colleagues (2011) demonstrated that mPFC had a top–down influence on other brain 
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circuits during social modulation of imitation via direct gaze. These studies suggest that 

mPFC and/or rTPJ may have a regulatory role, be sensitive to social context, and be 

functionally connected to other regions during the inhibition of automatic imitation. 

Indeed, regions that do not show direct engagement in a cognitive process of interest 

have been known to have a regulatory influence on other regions that are directly 

engaged (Burnett & Blakemore, 2009). In line with this proposal, Cross and colleagues 

(2013) suggested that imitation control involves top–down regulation between a 

domain-general cognitive control network and a domain-specific network relevant for 

imitation. More generally, research from other domains of social cognition shows 

growing evidence for higher complexity and functional interplay within and between so-

called domain-specific and domain-general networks (Spunt & Adolphs, 2015; Baetens, 

Ma, Steen, & Van Overwalle, 2014; Quadflieg et al., 2011; Zaki, Hennigan, Weber, & 

Ochsner, 2010). These studies suggest that models including neat divisions between 

these networks may be an overly simplistic characterization of mental function (Michael 

& D'Ausilio, 2015; Barrett, 2012). Much like social cognition in general, therefore, 

imitation control may be best explained by interactions between component functional 

circuits, which themselves need not be domain-specific (Spunt & Adolphs, 2017). A 

crucial direction for future research is testing for more complex models of imitation, 

which may involve connectivity in and between regions of the MD and ToM networks. 

An important point to note, however, is that any conclusions made regarding 

possible domain specificity of mPFC and rTPJ are based on the assumption that mPFC and 

rTPJ are at least partly specialized for social cognition (Brass et al., 2009). Recent 

evidence suggests that mPFC and rTPJ may be functionally versatile in the sense that they 

show general cognitive properties, which may not be specific to social cognition (Dugué, 

Merriam, Heeger, & Carrasco, 2017; Schurz, Tholen, Perner, Mars, Sallet, 2017; Schuwerk, 

Schurz, Müller, Rupprecht, & Sommer, 2017; de la Vega, Chang, Banich, Wager, & 

Yarkoni, 2016; Carter & Huettel, 2013; Alexander & Brown, 2011; Yarkoni, Poldrack, 

Nichols, Van Essen, & Wager, 2011). Thus, the argument that the engagement of mPFC 

and rTPJ in imitation inhibition may be specific to social cognition might need further 

validation. In addition, social cognition itself has been broken down in “bottom–up” and 

“top–down” domains (Zaki & Ochsner, 2012). The bottom–up domain refers to pre-

reflective processes that are fast and stimulus driven, whereas the top–down domain 

maps on reflective, cognitively laborious, and flexible processes (Bohl & van den 
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Bos, 2012). When extended to imitation control, prior research has consistently 

implicated regions involved in top–down control for automatic imitation (Brass et 

al., 2009). However, recent studies suggest that imitation control (and social cognition 

more broadly) relies on interactions between bottom–up and top–down processes 

(Christov-Moore, Conway, & Iacoboni, 2017; Cross & Iacoboni, 2014; Bohl & van den 

Bos, 2012). Thus, another important avenue for future research would be to investigate 

imitation control based on bottom–up and top–down processes and their interactions, 

rather than considering these processes as mutually exclusive. 

Nonetheless, results from the current study remain clear: The basic imitation 

inhibition mechanism engages the MD network, which has been consistently associated 

with domain-general processes (Duncan, 2010). Given the mixed findings in prior 

imitation studies (Table 1) as well as in psychology and neuroscience more generally 

(Open Science Framework, 2015; Button et al., 2013), future fMRI research may also 

consider reliability and reproducibility as key concerns in imitation research and 

consider the possible use of fROI approaches as a means to quantify consistency across 

individuals. 

 

Sex Differences in Imitation Inhibition 

This study is the first to investigate sex differences in the neural mechanisms that 

inhibit imitation. The behavioural data demonstrated that female individuals show a 

greater spatial but not imitative compatibility effect than male individuals. This result 

extends prior behavioural research on sex differences, which did not separate spatial (or 

orthogonal spatial) from imitative responses in imitation control (Genschow et al., 2017; 

Butler et al., 2015). The result is also consistent with reports in a wide range of nonsocial 

inhibitory control tasks, which show similar sex differences (Figure 2; Stoet, 2010, 2017; 

Clayson et al., 2011; Rubia et al., 2010; Bayliss et al., 2005). All these tasks share a 

common feature—they require the inhibition of a response to a task-irrelevant spatial 

feature to enforce a task-relevant response. Taken together, this pattern of results 

suggests that response inhibition relating to spatial conflict differs between the sexes, 

rather than a process that is tied to the control of imitation. An alternative possibility is 

that the difference between the sexes for spatial compatibility is larger than for imitative 
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compatibility, and we were unable to detect the imitative effect behaviourally. Future 

research will have to probe these possibilities further. 

Given the proposed role of MD and ToM networks in imitation control, we 

anticipated sex differences in one or both of these networks. The neuroimaging data, 

however, demonstrated no sex differences in the ToM or MD networks in either 

experiment. Furthermore, even though regions outside our ROIs mediated the sex 

difference in Experiment 1, these regions were not consistently engaged differently for 

male and female individuals in Experiment 2. Thus, based on data across both 

experiments, our best estimate is that univariate analyses, which assess the magnitude of 

BOLD response, do not show large effects of sex in MD or ToM neural networks. This 

being said, there does seem to be a trend for greater engagement in the MD network for 

female individuals compared with male individuals for both spatial and imitative effects, 

but this does not survive our statistical thresholding (Figure 7). As a consequence, we are 

cautious to interpret this null result as we did not have the same level of statistical power 

to detect sex differences as we did to detect simple compatibility effects. Indeed, it 

remains a possibility that small univariate effects exist or that the sex difference is 

underpinned by more complex neural organization. Future studies that use connectivity 

measures (Sporns, Tononi, & Kötter, 2005) or multivoxel pattern analysis (Kriegeskorte, 

Mur, & Bandettini, 2008; Norman, Polyn, Detre, & Haxby, 2006) may show increased 

sensitivity and be better able to capture the complexity of neural organization that we 

are aiming to measure. 

Limitations 

The primary limitation of the current work is that we studied a relatively simple 

model of brain organization based on univariate measures. Given the mixed evidence 

from prior studies regarding imitation control (Table 1), we felt it was an important step 

to first establish the extent to which general and specific systems were engaged in a 

univariate manner. By doing so, we aimed to build an appropriate foundation for future 

work to build upon. Moreover, as we only identified the MD and ToM networks, it is 

possible that neural regions outside our key networks may play a role in imitation 

inhibition or mediate the sex difference in spatial response inhibition or imitation 

control. Even though our whole-brain analyses showed no consistent effects outside our 

fROIs, this only shows that there was no univariate engagement of extended brain 
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regions. We thus acknowledge that we have tested a relatively simple model of brain 

organization that is likely to underestimate the complexity of neural processes associated 

with social and cognitive mechanisms such as imitation control. As mentioned before, 

future work may consider interactions between general and specific systems and more 

complex, multivariate measures of brain organization.  

A second limitation regards the functional localization approach used to identify 

the ToM and MD networks in Experiment 2. The validity of the fROI approach is based on 

assumptions about the functional processes that are engaged by the localisers used to 

identify fROIs. For example, different ToM localisers may engage partly nonoverlapping 

aspects of the ToM network (Schaafsma, Pfaff, Spunt, & Adolphs, 2015; Spunt & 

Adolphs, 2014). Therefore, our conclusions about the role of ToM and MD networks are 

limited to the type of localiser paradigms that we used in the current study. Future 

research that uses different functional partitions of these networks would be instructive. 

A third point to consider is that we looked at the compatibility effect which was 

computed by response on incompatible trials minus the response on compatible trials. 

Incompatible and compatible conditions are independent and can have their own 

variance. The raw ROI data, however, suggests that the MD network showed a positive 

percent signal change for both compatible and incompatible conditions over baseline 

(spatial and imitative) with a higher PSC for the incompatible condition. Thus, 

engagement in the MD network regions was driven by task conditions. For the ToM 

network, mPFC fROIs for both spatial and imitative compatibility effects showed a 

negative PSC. It is unclear from this result what the individual response profile looks like 

for each condition. For instance, the negative PSC can reflect positive activation for both 

compatible and incompatible trials with a higher PSC for compatible trials compared to 

incompatible, or it can reflect de-activation in both conditions. Both response profiles are 

possible and may lead to differing interpretations of the results. The raw data suggests 

that both conditions showed a de-activation for incompatible and compatible conditions 

compared to baseline, with a higher de-activation for incompatible conditions (although 

not significant). The rTPJ showed a similar profile for imitative incompatible and 

compatible conditions. In contrast, rTPJ showed a positive PSC for both spatial 

incompatible and compatible conditions compared to baseline, with a higher PSC for the 

incompatible condition. Thus, the response in the rTPJ for spatial compatibility was also 

driven by task demands. Therefore, even though we report only the compatibility effects, 
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we are confident that the raw data support the conclusions we make. We provide all raw 

data online for other researchers to test alternative hypotheses. A final potential 

limitation is that the order of tasks in Experiment 2 could have influenced our results. We 

ordered the tasks such that the ToM localiser was always performed at the end, but the 

MD task was interspersed between imitations runs in order to offset boredom. We 

arranged blocks in this manner because we were primarily concerned that asking people 

to perform a belief reasoning task would introduce a social bias to treat the person (hand 

image) in an artificially more social/belief reasoning manner during the imitation 

inhibition task. We did not share the same level of concern that performing a memory 

task, which we used to localise the domain-general system, would introduce a memory 

or “cognitive control” bias to the imitation inhibition task. However, we cannot rule out 

the possibility in the current experiment that the MD task influenced the way the 

imitation task was performed. This being said, we did get the same results in Experiment 

1, when the MD task was not performed before the imitation task. As such, although 

possible, we find it unlikely that task order had a meaningful impact on our results in 

Experiment 2. 
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CHAPTER 3 
 

 

The Inhibition of Automatic Imitation – A Meta-Analysis and Synthesis of fMRI 

Studies 

 

This chapter investigates the consistency of the neural networks that underlie the control 

of automatic imitation using a multi-level kernel density analysis (MKDA). This is the first 

study to date that quantitatively meta-analyses existing neuroimaging literature 

investigating neural mechanisms of automatic imitation. We used MKDA in order to 

provide a combined quantitative estimate of many individual studies, and avoid problems 

associated with interpreting individual studies. 

 

 

This chapter is published as it is from: 

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

and synthesis of fMRI studies. Neuroimage, 170, 320-329.   

 

 

 

  



www.manaraa.com

3. AUTOMATIC IMITATION - META-ANALYSIS 

 68 

Abstract 

Humans copy other people without their conscious awareness, a behaviour known as 

automatic imitation. Although automatic imitation forms a key part of daily social 

interactions, we do not copy other people indiscriminately. Instead, we control imitative 

tendencies by prioritising some actions and inhibiting others. To 

date, neuroimaging studies investigating the control of automatic imitation have 

produced inconsistent findings. Some studies suggest that imitation control relies on a 

domain-specific neural circuit related to social cognition (the theory-of-mind network). 

In contrast, other studies show engagement of a domain-general neural circuit that is 

engaged during a diverse range of cognitive control tasks (the multiple demand network). 

Given the inconsistency of prior findings, in the current paper we avoided problems 

associated with interpreting individual studies by performing a meta-analysis. To do so, 

we used a multi-level kernel density analysis to quantitatively identify consistent 

patterns of activation across functional magnetic resonance imaging studies investigating 

the control of imitation. Our results show clear and consistent evidence across studies 

that the control of automatic imitation is guided by brain regions in the multiple demand 

network including dorsolateral frontoparietal cortex. In contrast, there was only limited 

evidence that regions in the theory of mind network were engaged. Indeed, medial 

prefrontal cortex showed no consistent engagement and right temporoparietal 

junction engagement may reflect spatial rather than imitative control. As such, the 

current meta-analysis reinforces the role of domain-general control mechanisms and 

provides limited evidence in support of the role of domain-specific processes in 

regulating imitative tendencies. Consequently, neurocognitive models of imitation need 

updating to place more emphasis on domain-general control mechanisms, as well as to 

consider more complex organisational structures of control, which may involve 

contributions from multiple cognitive systems. 
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Introduction 

The involuntary tendency of human beings to imitate others’ gestures, speech patterns, 

and postures, is known as automatic imitation (Heyes, 2011). It has been suggested that 

such automatic imitative behaviour functions as a “social glue” as it increases pro-social 

behaviour, positive rapport, feelings of affiliation and liking between interacting partners 

(Kavanagh & Winkielman, 2016; van Baaren, et al., 2009; Lakin & Chartrand, 

2003; Chartrand & van Baaren, 2009; van Baaren, et al., 2003). Given the influence of 

imitation on strengthening social bonds, researchers have started to investigate the 

psychological and biological mechanisms that underpin imitation. For example, over the 

last 20 years, researchers have used functional magnetic resonance imaging (fMRI) in 

order to better understand the neural underpinnings of the control of automatic imitative 

tendencies. However, these studies have provided mixed findings regarding the 

contributions of domain-general or domain-specific neural networks in imitation 

control. The current paper, therefore, meta-analyses fMRI studies to date on the control 

of automatic imitation in order to provide a combined quantitative estimate of the extant 

evidence of many individual studies (Lipsey and Wilson, 2001). 

In the last two decades, automatic imitation has been widely studied with an 

attempt to interconnect different disciplines like cognitive science, social psychology, 

evolutionary biology, and cognitive neuroscience (Prinz and Meltzoff, 2002; Bargh and 

Chartrand, 1999; Byrne and Russon, 1998). This convergence across multiple disciplines 

has allowed for a range of perspectives on imitation to emerge in which theory and 

empirical data can strengthen each other. In social psychology, automatic imitation has 

been studied in naturalistic social interactions (Chartrand and Lakin, 2013). Along with 

functioning as a “social glue,” research performed in more naturalist settings suggests 

that imitation behaviour is also moderated by other variables including, but not limited 

to, personality variables, self-construal, goal to affiliate or disaffiliate, cultural and social 

contexts, as well as the similarity, familiarity, and status of the person being imitated 

(Chartrand and Lakin, 2013; Caspers et al., 2010; Duffy and Chartrand, 2015). 

Even though automatic imitation seems to be an important behaviour that 

facilitates social interactions, we do not always copy others’ behaviours. In many 

situations, imitation can be maladaptive, and it is essential to circumvent the tendency to 

automatically imitate (Cross and Iacoboni, 2014; Cross et al., 2013; van Schie et al., 
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2008; Newman- Norlund et al., 2007). This need to regulate imitative tendencies 

indicates the existence of a selection mechanism that inhibits unwanted actions, and 

prioritises alternatives (Brass et al., 2009). Thus, imitation control can be divided into at 

least two component processes – action representation and action selection. We observe 

an interaction partner and their actions (representation), and then select the action that 

needs to be executed (selection). 

In contrast to social psychology approaches, researchers in the field of cognitive 

psychology and neuroscience have generally used computer-based reaction-time (RT) 

measures of the inhibition of automatic imitation (Brass et al., 2000; Stürmer et al., 

2000). One of the most commonly used tasks in this field is a stimulus 

response compatibility (SRC) paradigm which consists in making finger movements 

while simultaneously observing a compatible or incompatible finger movement (Brass 

et al., 2000). For example, participants may be asked to make a finger movement in 

response to an imperative cue i.e. they are instructed to lift their index finger when they 

see a number ‘1’ on screen, and their middle finger when they see a number ‘2.’ 

Simultaneously, participants also observe a task-irrelevant index or middle finger 

movement, which is compatible or incompatible with their own response. Other variants 

of this task include hand opening and closing movements instead of finger movements 

(Press et al., 2005; Wang et al., 2011) or pre-specifying the participant's response before 

the imperative cue (i.e. participants are asked to always lift their index finger when they 

see a finger movement; Brass et al., 2001; Heyes et al., 2005). In these variants as well, 

participants observe a hand or finger movement which is compatible or incompatible 

with their own response. Irrespective of the task used, greater cognitive resources are 

required when inhibiting movements incompatible to one's own responses, thus leading 

to greater RTs (Heyes, 2011; Brass and Heyes, 2005). The difference between the 

incompatible and compatible conditions (referred to as the general compatibility effect) 

is said to be a measure of imitation control (Heyes et al., 2005; Heyes, 2011). 

To date, a number of neuroimaging studies have investigated the neural 

mechanisms of imitation control using RT paradigms. However, the evidence 

demonstrating the extent to which RT paradigms of imitation control engage domain-

general or domain-specific neural networks is mixed. Domain-specific processes operate 

on particular types of stimuli or aspects of cognition, while domain-general processes 

operate across a range of stimuli and tasks (Barrett, 2012; Spunt and Adolphs, 2017). One 
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of the prevailing theories of automatic imitation proposes that imitation control relies on 

a domain-specific neural circuit related to social cognition (Brass et al., 2009). This 

“specialist” theory has gained traction with evidence from patient and neuroimaging data 

pointing to the engagement of two key candidate regions – the anterior medial prefrontal 

cortex (mPFC) and the right temporoparietal junction (rTPJ) (Brass and Heyes, 

2005; Brass et al., 2009). For example, mPFC and rTPJ have been engaged in human brain 

imaging investigations of imitation inhibition (Brass et al., 2001, 2005; 2009; Spengler 

et al., 2009; Wang et al., 2011). Brass and colleagues further proposed a dissociation of 

roles for the mPFC and rTPJ during imitation control - the rTPJ distinguishes between 

self- and other-generated actions, and the mPFC enforces the self-generated action when 

faced with conflict from an action representation generated by another agent (Brass et al., 

2009). In addition, patients with frontal lobe lesions show disrupted imitation inhibition 

behaviour (Brass et al., 2003; Spengler et al., 2010) and an increased tendency to 

automatically imitate even when they are clearly instructed to not do so (Lhermitte et al., 

1986). More evidence for the involvement of rTPJ comes from neuro-stimulation studies: 

inhibiting the activity in the rTPJ by transcranial magnetic stimulation (TMS) interfered 

with imitative responses impairing imitation inhibition (Hogeveen et al., 2014; Sowden 

& Catmur, 2015). Irrespective of the method used, it is worth noting that, to date, there 

have only been a small number of studies implicating mPFC and rTPJ in the control of 

imitation. Moreover, these studies have used relatively small sample sizes between 10 

and 25 participants and there have been few, if any, direct replications. Therefore, the 

sum total of evidence for mPFC and rTPJ engagement during imitation control is 

suggestive rather than compelling. 

Along with imitative control, neuroimaging findings suggest mPFC and rTPJ are 

also engaged in a variety of socio-cognitive tasks that are associated with theory of mind, 

including distinguishing between self from other, perspective taking, as well as 

attributing beliefs, desires and attitudes to others (ToM; Gallagher et al., 2000; Amodio 

and Frith, 2006; Ruby and Decety, 2001; Aichhorn et al., 2006; Decety et al., 

2002; Santiesteban et al., 2012; Brass et al., 2009; Spengler et al., 2010). Based on these 

findings, self-other control processes have thus been proposed as a candidate mechanism 

for a range of socio-cognitive functions. For example, it is important to inhibit one's own 

perspective or mental state and enhance that of the other when empathising with others, 

taking their perspective, or engaging a successful theory-of-mind (de Guzman et al., 



www.manaraa.com

3. AUTOMATIC IMITATION - META-ANALYSIS 

 72 

2016; Sowden and Shah, 2014). Further, atypical self-other control has been linked to 

disorders characterised by social dysfunction including autism and schizophrenia (Cook 

and Bird, 2012; Ferri et al., 2012). Overall, this evidence suggests that in imitation 

control, it is crucial to inhibit the representation of the other's action, and enforce your 

own, and this mechanism is guided by a domain-specific neural circuit unique to social 

cognition (Brass et al., 2009). 

In contrast to this “specialist” view of imitation control, however, “generalist” 

theories of imitation suggest that the inhibition of automatic imitation does not differ 

from any other pre-potent tendencies or general cognitive functions (Heyes, 

2011; Cooper et al., 2012). Multiple cognitive control tasks like the Flanker, Stroop, and 

Simon tasks, which require the inhibition of automatic overlearned response tendencies, 

have been found to engage a domain-general control network identified in the 

dorsolateral fronto-parietal cortices (Aron et al., 2014; Bunge et al., 2002; Hazeltine et al., 

2007; Nee et al., 2007; Wager et al., 2005). This network is also called the multiple 

demand (MD) network as it is engaged across a diversity of mental operations (Duncan, 

2010). Across studies that investigate imitation inhibition, some have found engagement 

of the mPFC and rTPJ (Brass et al., 2001, 2005; 2009; Spengler et al., 2009), whereas 

others show engagement of the MD network (Bien et al., 2009; Crescentini et al., 

2011; Cross and Iacoboni, 2013; Mengotti et al., 2012; Marsh et al., 2016). However, most 

previous fMRI studies have been limited by low statistical power and small sample sizes. 

More recently, a multi-experiment study using larger sample sizes (N = 28, N = 50) and a 

functional region of interest (fROI) approach that bolsters statistical power and 

functional sensitivity has shown that imitation control engages only the MD network, and 

not mPFC or rTPJ (Darda et al., 2018). Indeed, even with an a priori power analysis 

ensuring 80% power to detect medium effect sizes, Darda et al. (2018) did not even find 

a directional trend to suggest that the ToM network was directly engaged during 

imitation control. 

As mentioned before, imitation control can be divided into at least two component 

processes – action representation and action selection. The above review of literature 

suggests two possible neural mechanisms as being key to action selection during 

imitation control. On one hand, during imitation control, the neural representation 

generated by the observed person's action is inhibited, and the self-generated action is 

selected and enforced and this selection mechanism engages a domain-specific neural 
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network i.e. the mPFC and rTPJ. On the other hand, the selection mechanism may be 

guided by a domain-general neural network i.e. the MD network. In both possible 

mechanisms, the input is the same i.e. the observed person and action may engage 

domain-specific socio-perceptual neural circuits. However, the difference lies in the 

selection or control mechanism that underlies the inhibition of automatic imitative 

tendencies which finally leads to consequent behaviour (see graphical representation 

in Fig. 1). 

 

 

 

Figure 1. Brain networks associated with the control of automatic imitation. This graphical 
representation divides imitation control into two constituent processes – representation of the 
person and their action, and the selection (control) of the right action to be executed. In the 
context of automatic imitation, the representation system consists in face, body, biological 
motion, and action perception. The neural substrates for person and action perception span 
the fusiform gyrus, occipitotemporal cortex, and posterior superior temporal sulcus, as well as 
the mirror neuron system (Kanwisher, 2010; Caspers et al., 2010). The control or selection 
system consists in a brain network that is either domain-general (i.e. the multiple demand 
network) or domain-specific (i.e. the theory-of-mind network). N.B. Abbreviations: MNS = mirror 
neuron system; IPL = inferior parietal lobule, IFG = inferior frontal gyrus; pSTS = posterior 
superior temporal sulcus; OT = occipito-temporal cortex; FG = fusiform gyrus, MD = multiple 
demand network; ToM = theory-of-mindnetwork; mPFC = medial prefrontal cortex; 
PMC = primary motor cortex; dlPFC = dorsolateral prefrontal cortex; TPJ = temporo-parietal 
junction. The bidirectional arrow “ ” indicates links between the different nodes of imitation 
control. 
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The question of interest for the current meta-analysis, therefore, lies at the 

selection stage of imitation control with the evidence to date for engagement of domain-

specific and domain-general neural networks being inconsistent. Even though the most 

statistically powerful fMRI study to date only shows the engagement of the MD network 

(Darda et al., 2018), the interpretation of individual studies remains limited in scope for 

several reasons. First, many single studies are likely to be underpowered leading to 

missed or spurious results (Button et al., 2013). Second, empirical work involves design 

choices that strongly influence results, making it harder to generalise effects across 

analysis pipelines and differing experimental procedures (Carp, 2012). Given the 

inconsistency of prior findings and the absence of a quantitative synthesis of evidence, 

taking a meta-analytical approach to further investigate the neural basis of imitation has 

many benefits (Cumming, 2014). As such, by means of a meta-analysis, the current paper 

enables the detection of consistent patterns of activation across studies. 

In order to quantify the consistency and specificity of regional activation for 

imitation control across studies, we performed a multi-level kernel density analysis 

(MKDA; see Methods and Materials for details). We included all fMRI studies (N = 12) 

investigating imitation control using the RT measure of imitation inhibition (see Table 1). 

Our primary measure aimed to quantify the consistency of region engagement across 

studies with particular focus on the engagement of the ToM network and the MD network. 

The dependent variable was the blood oxygen level dependent (BOLD) response 

measured in the included fMRI studies. Given the prior mixed findings across studies, this 

meta-analysis aimed to quantify the extent to which ToM, MD or both neural networks 

may be engaged during the inhibition of automatic imitation. 

We also ran two more exploratory analyses, which were based on a small subset 

of the total studies. The most common measure of imitation inhibition, the general 

compatibility effect, also includes a spatial component (Heyes, 2011). In order to measure 

imitative compatibility more specifically, therefore, imitative and spatial effects need to 

be dissociated (Gowen et al., 2016; Boyer et al., 2012; Catmur and Heyes, 2011). 

However, only a few fMRI studies have measured the imitative compatibility effect 

independent of the spatial component (Darda et al., 2018; Marsh et al., 2016; Cross et al., 

2013). This makes it difficult to interpret the roles of the ToM (mPFC and rTPJ) and MD 

networks in imitation control – their engagement could reflect both social (imitative) 

and/or non-social (spatial) control. Indeed, the rTPJ has been previously associated with 
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orienting to both social and non-social stimuli (Corbetta et al., 2008; Thiel et al., 2004). 

Thus, given that only a few studies have dissociated between imitative (N = 3) and spatial 

compatibility (N = 4) effects, we also ran two further exploratory MKDAs in order to 

quantify consistency of patterns across studies for both imitative and spatial 

compatibility effects. Indeed, given the low number of studies included in the secondary 

analyses, these results provide only suggestive, and not compelling, evidence regarding 

the role of the MD and ToM networks in imitative and spatial control. 

 

Table 1.  

Data extracted from the studies included in the meta-analysis. 
Authors Year Sample Contrasts Fixed/Random 

Effects Model 
MNI or 

Talaraich 
coordinates GC SC IC 

Brass et al. 2001 10 x 
  

Fixed Talaraich 

Brass et al. 2005 20 x 
  

Fixed Talaraich 

Spengler 
et al. 

2009 20 x 
  

Random Talaraich 

Crescentini 
et al. 

2011 19 x 
  

Random MNI 

Wang et al. 2011 20 x 
  

Random MNI 

Mengotti 
et al. 

2012 22 x x 
 

Random MNI 

Cross & 
Iacoboni 

2013 24 x x 
 

Random MNI 

Cross et al. 2013 20 x 
 

x 
  

Klapper et al. 2014 19 x 
  

Random MNI 

Marsh et al. 2016 24 x x x Random MNI 

Darda et al. 
(Exp1) 

2018 28 x 
  

Random MNI 

Darda et al. 
(Exp2) 

2018 50 x x x Random MNI 

Campbell 
et al. 

2018 24 x 
  

Random MNI 

TOTAL = 12 
 

300 
     

N.B. GC = General Compatibility, SC = Spatial Compatibility, IC = Imitative Compatibility.
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Methods and Materials 

Literature search and data collection 

In the current paper, we follow recent guidelines put forward for meta-

analysing neuroimaging studies (Müller et al., 2018). FMRI studies exploring the 

inhibition of automatic imitative tendencies were searched for on the online database 

PubMed, as well as the article search engine Google Scholar. Combinations of keywords 

including ‘imitation inhibition,’ ‘fMRI,’ ‘imitation,’ ‘automatic imitation,’ and ‘imitation 

control’ were used to identify relevant literature (prior to January 2019). A total of 15 

studies were found. We rejected studies if the primary method of investigation was not 

fMRI, if the study did not report results in stereotactic coordinate space (either Montreal 

neurological Institute (MNI) or Talaraich coordinates) (N = 1; Bien et al., 2009), if 

reported results were based on region-of-interest (ROI) analyses, and the study did not 

report whole-brain analysis coordinates either in the main article or in supplementary 

materials (or we could not obtain them from the authors) (N = 1; Brass et al., 2009), and 

if the study involved children or atypical populations (and the coordinates for controls 

were not reported separately) (N = 1; Spengler et al., 2010). 

A wide variety of contrasts are used in studies that investigate the inhibition of 

automatic imitation. However, in order to minimise heterogeneity, studies that used a 

paradigm that was not based on or was not conceptually similar to the Brass et al. 

(2000) paradigm for measuring inhibition of automatic imitation were also excluded. 

Thus, 12 studies with a total of 300 participants were included in the meta-

analysis (see Table 1). 

Even though our main analysis was on the general compatibility effect, we also ran 

two separate meta-analyses for spatial and imitative compatibility. Table 2 summarises 

the contrasts used in the current meta-analysis for general, spatial, and imitative 

compatibility effects. A total of 13 contrasts across 12 studies with 142 foci were used for 

general compatibility, 4 contrasts across 4 studies with 42 foci were used for spatial 

compatibility, and a total of 3 contrasts across 3 studies with 20 foci were used for 

imitative compatibility. 
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Table 2. 
Contrasts used in the meta-analysis for general, spatial, and imitative compatibility. 

Authors Year General Compatibility Spatial Compatibility Imitative Compatibility 

Brass et al. 2001 General 
Incompatible > General 
Compatible 

  

Brass et al. 2005 General 
Incompatible > General 
Compatible 

  

Spengler 
et al. 

2009 General 
Incompatible > General 
Compatible 

  

Crescentini 
et al. 

2011 General 
Incompatible > General 
Compatible 

  

Wang et al. 2011 General Incompatible > 
General Compatible* 

  

Mengotti 
et al. 

2012 Non-specular > Specularˆ Spatially 
Incompatible > Spatially 
Compatible 

 

Cross & 
Iacoboni 

2013 General 
Incompatible > General 
Compatible 

Spatially 
Incompatible > Spatially 
Compatible 

 

Cross et al. 2013 General 
Incompatible > General 
Compatible 

 
General 
Compatibility > Spatial 
Compatibility 

Klapper 
et al. 

2014 General Incompatible > 
General Compatible* 

  

Marsh et al. 2016 General 
Incompatible > General 
Compatible 

Spatially 
Incompatible > Spatially 
Compatible 

Imitatively 
Incompatible > Imitatively 
Compatible 

Darda et al. 
(Exp1) 

2018 General 
Incompatible > General 
Compatible 

  

Darda et al. 
(Exp2) 

2018 General 
Incompatible > General 
Compatible 

Spatially 
Incompatible > Spatially 
Compatible 

Imitatively 
Incompatible > Imitatively 
Compatible 

Campbell 
et al. 

2018 General 
Incompatible > General 
Compatible 

  

 

No. of studies 12 4 3 

No. of contrasts 13 4 3 

No. of foci 142 42 20 

Table 2 shows the contrasts used in the current meta-analysis, and the number of contrasts, foci, and studies for 
each compatibility type (general, spatial, and imitative). *Collapsed across conditions; for Wang et al. (2011): 
collapsed across direct and averted gaze, for Klapper et al., 2014: collapsed across belief (motion-capture, 
computer animation) and form (human, non-human). ˆNon-specular > Specular i.e. {(spatially incompatible and 
imitatively compatible) + (imitatively incompatible and spatially compatible) > general compatible)}].
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Data analysis 

All analyses in the current paper were performed in MatlabR2015b (Mathworks, 

Naticks, MA) using the MKDA toolbox developed by Wager et al. 

(2007); http://wagerlab.colorado.edu). MKDA is an analysis technique that uses a 

random effects model to assess convergence across studies. This allows for assessing 

convergence across studies as opposed to between individual foci (as implemented in 

classical meta-analysis techniques that use fixed effects analyses). Thus, results are not 

biased by a small number of individual studies. Further, each contrast is weighted by the 

sample size and study quality (i.e. whether the study used a fixed or random effects 

model; Wager et al., 2007; Kober and Wager, 2010). 

MKDA was performed on all three compatibility types separately. Before 

performing the analyses, we extracted the following information from each study and 

included it in our database: authors, year of publication, sample size, task contrasts, fixed 

or random effects model, and MNI or Talaraich co-ordinates. Co-ordinates reported in 

Talairach space were converted to MNI stereotactic space using Lancaster 

transformation (tal2icbm transform; Lancaster et al., 2007). Peak coordinates from each 

contrast map were then convolved with a 10 mm spherical kernel in order to create a 

contrast indicator map (CIM). The resulting voxels within 10 mm of the peak were 

deemed “significant” and given a value of one; other voxels were given a value of zero 

which indicated no significant effect. A density map was then created by averaging the 

indicator maps, weighted by sample size, and whether the study used a fixed or random 

effects model. More specifically, as recommended by Wager and colleagues (Wager et al., 

2007), this density map was weighted by the square root of the sample size of the study, 

and then multiplied by an adjustment factor of 1 for random effects analysis, and 0.75 for 

a fixed effects analysis. 

Each voxel of the density map was given a density statistic P. P stands for the 

proportion of contrasts included in the analysis that show activity within 10 mm of the 

peak. A Monte Carlo simulation (with 5000 iterations) was then carried out in order to 

identify voxels that had a P-statistic that was higher than the frequency predicted by 

chance. This was tested against the null hypothesis that activated regions in the resulting 

pairwise contrast maps (from the 5000 iterations) were randomly distributed across the 

brain. To test for the significance of the cluster size, a similar procedure was used. This 

allowed for the identification of a threshold for cluster size at which a specific number of 
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voxels needed to be activated contiguously so that the cluster could be deemed 

significant. 

In order to maximise sensitivity in testing our hypotheses, we report results using 

two thresholding techniques. One thresholding technique is based on height and the 

other is based on cluster size. For the weighted P-statistic (height-based threshold), the 

family wise error (FWE) corrected threshold is the proportion of studies which yielded 

activity within 10 mm of a voxel that showed a higher P-statistic than the maximum P-

statistic across 95% of the Monte Carlo maps. For the cluster size threshold, the FWE 

corrected threshold is the contiguous voxels observed at two different thresholds 

(p < .001 and p < .01) whose cluster size is more than the extent of clusters found across 

95% of the Monte Carlo maps. We use two cluster-based thresholds in order to also detect 

regions that show a lower response in magnitude over a larger cluster size both at more 

stringent (p < .001) and less stringent (p < .01) thresholds. Voxels that exceed the height-

based threshold in our analysis appear on the resulting maps in Fig. 2 in yellow, and those 

that exceed the cluster extent-based threshold appear in orange (p < .001) and red 

(p < .01). 

In Table 3, peak activation foci that pass the height-based threshold are reported. 

If activations do not pass the height-based threshold, foci of the cluster-extent-based 

thresholding are reported. The number of voxels in each cluster that survived height-

based and/or extent-based thresholding is also reported. Resulting coordinates were 

localised using the SPM Anatomy Toolbox (Eickhoff et al., 2005). The database of co-

ordinates, and code used to perform the meta-analysis are available online 

(https://osf.io/dbuwr/). 

Results 

For the general compatibility effect, across 13 contrasts from 12 studies, consistent 

activation was found in right inferior parietal lobule, right supramarginal gyrus, 

right superior temporal gyrus, and right temporo-parietal junction (see Table 3; Fig. 2A). 

These clusters survived both height-based and the more stringent extent-based 

thresholding (p < .001). Activation was also found in right superior frontal gyrus, and 

right middle frontal gyrus, which survived both height and the less stringent extent-

based thresholding (p < .01). Activation in the left and right insula survived the more 

stringent extent-based threshold (p < .001), but not the height-based threshold. 
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Activation in the right IFG survived the less stringent extent-based threshold (p < .01) but 

not the height-based threshold. 

 

 

Figure 2. Consistency of brain activation from the MKDA Analyses. Brain areas that are 
consistently engaged for general compatibility (A), spatial compatibility (B), and 
imitative compatibility (C). Voxels that exceed the height-based threshold (p < .05, FDR 
corrected) in our analysis appear in yellow, and those that exceed the cluster extent-
based threshold appear in orange (p < .001) and red (p < .01). 
 

 

We ran two further MKDAs separately for spatial and imitative compatibility. For 

spatial compatibility, across 4 contrasts from 4 studies, we found consistent activation 

that withstood the height-based thresholding in the left IPL and the right SFG 

(see Table 3; Fig. 2B). No regions withstood cluster-based thresholding. For imitative 

compatibility, across 3 contrasts from 3 studies, we found consistent activation in the left 

IPL that survived the height-based threshold (see Table 3; Fig. 2C). Activation was also 

found in the right IPL, which withstood height-based as well as the less stringent extent-

based thresholding (p < .01).
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Table 3.  

Areas consistently activated for general compatibility, spatial compatibility, and imitative 

compatibility. 
GENERAL COMPATIBILITY 

Region MNI Maximum P No. of Voxels Threshold 

x y z 

Right TPJ 60 −46 22 0.42 1 ˆ** 

Right TPJ 56 −46 32 0.41 1 ˆ** 

Right supramarginal gyrus 56 −36 36 0.44 9 ˆ** 

Right IPL 60 −34 34 0.43 2 ˆ** 

Right IPL 52 −30 38 0.37 5 ˆ** 

Right MFG 34 0 54 0.45 15 ˆ* 

Right SFG 26 −2 64 0.37 46 ˆ* 

Left Insula −36 14 0 0.32 453 ** 

−34 12 −2 
 

213 
 

−36 18 2 
 

240 
 

Right Insula 38 16 4 0.36 405 ** 

34 18 0 
 

172 
 

46 12 2 
 

75 
 

38 16 6 
 

158 
 

Right IFG 46 14 10 0.28 1269 * 

44 16 −4 
 

74 
 

28 24 −4 
 

44 
 

32 12 0 
 

41 
 

46 22 2 
 

113 
 

56 10 2 
 

116 
 

28 20 6 
 

105 
 

36 26 6 
 

66 
 

56 16 6 
 

128 
 

52 12 14 
 

219 
 

48 2 22 
 

92 
 

40 8 22 
 

132 
 

50 8 28 
 

139 
 

SPATIAL COMPATIBILITY 

Left IPL −36 −40 48 0.78 8 ˆ 

Right superior frontal gyrus 24 −4 58 0.78 190 ˆ 
 

24 −6 54 
 

56 ˆ 
 

24 −4 60 
 

134 ˆ 

IMITATIVE COMPATIBILITY 

Left supramarginal gyrus/IPL −48 −28 34 0.73 11 ˆ 

Right supramarginal gyrus/IPL 48 −26 44 0.73 18 *ˆ 

 
52 −30 42 

 
7 

 

 
46 −26 46 

 
11 

 

N.B. Table 3 shows areas consistently activated for general compatibility, spatial compatibility, and imitative 
compatibility. Maximum P stands for the maximum proportion of studies exhibiting the effect at the peak 
density weighted by sample size. MNI = Montreal Neurological Institute (MNI) standard stereotaxic space 
coordinates. The voxel size is 2 × 2 × 2 mm3. *Clusters withstanding p < .01 cluster extent-based threshold. 
**Clusters withstanding p < .001 cluster extent-based threshold. 
ˆClusters withstanding the height-based threshold. 
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These density maps showing regions that withstood both height and/or cluster-

extent thresholding for each compatibility type were then overlaid with the ToM and MD 

network masks separately. The ToM network mask consisted of four parcels including 

the dorsal, medial, and ventral medial prefrontal cortex (DMPFC, MMPFC, VMPFC), and 

the right temporo-parietal junction (rTPJ), which have previously been implicated in 

mentalising or theory-of-mind (Dufour et al., 2013). For the MD network mask, 16 

parcels were used which included areas in bilateral superior and inferior parietal lobules 

(SPL, IPL), intraparietal sulcus (IPS), inferior and middle frontal gyrus (IFG, MFG), 

precentral gyrus (PrecG), insula (Ins), and the supplementary motor area (SMA) 

(available at: https://evlab.mit.edu/funcloc/download-parcels). Overlay of the density 

maps with the ToM and MD network masks allowed for identification of overlap between 

regions that were consistently activated in the MKDA and the ToM and MD networks 

(Fig. 3). For all compatibility types (general, imitative and spatial), all regions that passed 

height or extent-based thresholding overlapped with regions in the MD network 

(Fig. 3A). Additionally, one cluster, which showed consistent activation for general 

compatibility, also overlapped with the right TPJ in the ToM network (Fig. 3B). There was 

no overlap with the mPFC node of the ToM network for any compatibility type. 

In order to break down the role of the right TPJ in general compatibility, we 

performed a further, more exploratory analysis. We compared peak coordinates from 

prior studies with a right TPJ mask, which has been previously implicated in theory-of-

mind (Dufour et al., 2013). To do so, the ToM network mask for rTPJ was overlaid with 

the contrast indicator maps of all studies used for general (N = 12), imitative (N = 3) and 

spatial (N = 4) compatibility. The contrast indicator maps include 10 mm spherical 

kernels around peak coordinates of each contrast. This allows coordinates from prior 

general, imitative and spatial compatibility contrasts to be displayed without any 

thresholding restrictions and overlaid with the rTPJ node of the ToM 

network. Fig. 4 shows overlap between contrast indicator maps for general compatibility 

and spatial compatibility with the right TPJ node of the ToM network mask. By contrast, 

there is no overlap between contrast indicator maps for imitative compatibility and the 

same right TPJ mask.
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Figure 3. Overlay of the MKDA maps with the ToM and MD network masks. Overlay of the density maps with the ToM and MD network masks allowed 
for identification of overlap between regions that were consistently activated in the MKDA and the ToM and MD networks. For all compatibility types 
(general, imitative and spatial), all regions that passed height or extent-based thresholding overlapped with regions in the MD network (A). 
Additionally, one cluster, which showed consistent activation for general compatibility, also overlapped with the right TPJ in the ToM network (B). 
There was no overlap with the mPFC node of the ToM network for any compatibility type. 
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Figure 4. Overlay of Contrast Indicator Maps with rTPJ. The ToM network mask for rTPJ 
overlaid with the contrast indicator maps of all studies used for general (N = 12; A) 
imitative (N = 3; B) and spatial (N = 4; C) compatibility. There was overlap between 
contrast indicator maps for general compatibility and spatial compatibility with right TPJ. 
There was no overlap between contrast indicator maps for imitative compatibility and 
the same right TPJ mask. Abbreviations: IC = Imitative Compatibility; SC = Spatial 
Compatibility, GC = General Compatibility. 
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Discussion 
 

In the current paper, we performed a meta-analysis of fMRI studies in order to quantify 

the consistency and specificity of regional activation during the inhibition of automatic 

imitation. Our results supported a “generalist” view of imitation control – we found clear 

engagement of dorsolateral frontoparietal cortices when observing an action that 

conflicted with a current motor intention. These regions overlapped with regions 

associated with the MD network. We found less evidence for a “specialist” view of 

imitation control, which relies on the ToM network. Indeed, there was no engagement of 

mPFC across studies and there was no clear evidence regarding the engagement of rTPJ; 

there was only suggestive evidence that it may reflect spatial rather than social control. 

Thus, our results provide unambiguous support for the engagement of a domain-

general neural network during the control of imitation, and only limited evidence for the 

engagement of a domain-specific neural network that is tied to social cognition. 

Studies investigating the neural correlates of imitation control have to date shown 

mixed evidence for the engagement of domain-general and domain-specific neural 

networks in imitation inhibition. While some studies have found engagement of the mPFC 

and rTPJ (Brass et al., 2001, 2005; 2009; Spengler et al., 2009), others show engagement 

of the MD network (Bien et al., 2009; Marsh et al., 2016; Darda et al., 2018). The current 

MKDA demonstrated that brain regions in the multiple demand network are reliably and 

consistently engaged across studies that investigate imitation inhibition using the 

general compatibility effect. Brain regions in the MD network are also engaged for 

imitative (bilateral IPL) and spatial compatibility effects (left IPL, right SFG). Thus, our 

findings suggest that brain regions that are engaged across a range of cognitive control 

tasks are also reliably engaged when controlling the automatic tendency to imitate 

others, as measured by general and imitative compatibility effects. 

Evidence supporting the engagement of a domain-specific neural circuit that is 

central to social cognition and includes mPFC and rTPJ was less consistent in the current 

meta-analysis. Brass et al. (2009) proposed that the rTPJ was involved in distinguishing 

between self- and other-generated actions, whereas the mPFC was engaged when 

enforcing the correct action. However, the current MKDA did not find any evidence of 

anterior mPFC engagement for either general, spatial, or imitative compatibility effects. 

An absence of mPFC engagement for imitation control across studies is thus inconsistent 
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with the hypothesis that a specific neural system related to social cognition is also 

engaged during the inhibition of automatic imitation (Brass et al., 2009). 

In contrast to the results reported in mPFC, across 12 studies investigating 

imitation inhibition as measured by the general compatibility effect, the current meta-

analysis found engagement of rTPJ. However, it is difficult to interpret the role of rTPJ in 

imitation control for at least two reasons. First, the general compatibility effect is a 

product of both spatial and imitative effects, which makes it hard to interpret in a 

straightforward manner. Second, rTPJ is involved in both social and non-social processes, 

which makes it a functionally heterogenous region (Corbetta et al., 2008; Krall et al., 

2015, 2016; Lee and McCarthy, 2014; Schuwerk et al., 2017). 

To further consider our findings, it is important to distinguish between a synthesis 

of evidence based on a descriptive approach, and a quantitative meta-analysis 

(Gigerenzer, 2018). To date, 14 fMRI studies have investigated imitation control by 

measuring the general compatibility effect in typical populations (we excluded Bien et al., 

2009 and Brass et al., 2009 in the meta-analysis, see Methods). Out of the 14 studies, only 

4 studies report the engagement of rTPJ for the general compatibility effect (see Darda 

et al., 2018, Table 1 for more details). Thus, we find that only 28.6% of fMRI studies on 

imitation control to date (4/14) show any evidence in support of a role of rTPJ in 

imitation control, and these studies do not dissociate between spatial and imitative 

effects. Both the descriptive and quantitative approaches, therefore, produce similar 

findings. 

It is also informative to compare our results with the largest and most sensitive 

fMRI study of imitation inhibition to date. Darda et al. (2018) showed no engagement of 

rTPJ for the imitative compatibility effect, but engagement of rTPJ for general and spatial 

compatibility effects. Similarly, in the current meta-analysis, when we explored the 

unthresholded spatial and imitative compatibility effect maps separately, there was 

partial overlap between the spatial compatibility effect and rTPJ, but no overlap between 

the imitative compatibility effect and rTPJ. Given that the small number of fMRI studies 

investigating spatial and imitative compatibility effects separately (N = 4 and N = 3, 

respectively), the current findings need to be interpreted with caution. However, when 

taken together with prior findings, the results provide consistently limited evidence for 

the univariate engagement of rTPJ in the control of imitative tendencies. In contrast, 

current fMRI findings provide more evidence that rTPJ is involved in resolving spatial 
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conflict, which is in keeping with patient work (Vallar and Perani, 1987; Vallar, 1993), as 

well as evidence using spatial cueing tasks like the Posner paradigm (Posner and Cohen, 

1984; Thiel et al., 2004; Corbetta et al., 2008). More recent work also suggests that rTPJ 

may play a more domain-general role in the process of contextual updating, acting on 

changing expectations after unexpected events (Geng and Vossel, 2013; Mengotti et al., 

2017). Assuming that on incompatible trials expectations are violated, rTPJ may play a 

more generalised role of context updating in imitation and spatial control. However, 

irrespective of whether it plays a domain-specific or domain-general role, in the current 

meta-analysis, we find limited evidence for the univariate engagement of rTPJ in the 

control of automatic imitative tendencies. 

Limitations and alternative interpretations 

Before moving on to the wider theoretical implications of these results, we first 

acknowledge possible limitations to the current meta-analytical approach. The current 

meta-analysis did not include work by Brass et al. (2009), which implicated rTPJ and 

mPFC in imitation control, due to the whole-brain data being unavailable. Nonetheless, 

as mentioned before, only 28.6% (4/14) of fMRI studies, which have investigated 

imitation control, found engagement of mPFC and rTPJ, and they all had small sample 

sizes (between 10 and 20 participants). It is, therefore, unlikely that the inclusion of an 

additional study with a relatively small sample size (Brass et al., 2009) would change the 

results of the meta-analysis, given that they are weighted by sample size. 

A further consideration is the relative size of the MD and ToM networks that we 

used in our analyses. Given that the MD network spans a much larger area than the ToM 

network, our analysis may be biased toward finding results in the MD network over the 

ToM network. Although this is true in a relative sense, we do not feel that it hinders our 

interpretation of the results in the ToM network for several reasons. First, regions of 

interest in the ToM network were not particularly small areas. The mPFC regions 

included several portions of the dorsal, middle, and ventral mPFC, and the rTPJ covered 

a relatively large area of cortex. Second, both networks were defined accurately based on 

prior work, which used large samples of participants. Thus, even though ToM areas were 

comparatively smaller than the MD network, they still covered a swath of cortex in 

regions functionally and precisely defined as the ToM network. Consequently, we feel 

confident that had these regions been consistently engaged across studies, we would 

have been able to detect them. Third, even if we only use CIMs across the whole brain, 
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which report activation peaks from prior studies, thus avoiding issues with thresholding 

or choice of masks, we still do not find evidence for engagement near rTPJ and mPFC for 

the imitative compatibility effect (Fig. 4). 

An additional possibility to consider is that the difference between the results in 

terms of domain-specific and domain-general network engagement could be due to the 

differences in stimuli used in the studies included in the meta-analysis. However, the 

tasks are all conceptually, visually and cognitively similar to each other with only minor 

differences across all studies. For example, in Darda et al. (2018; Exp1 and Exp2), the 

stimuli consist of index and middle finger movements, whereas in Wang et al. (2011), 

hand opening and closing movements are used. Moreover, a recent meta-analysis also 

showed that behavioural performance is consistent across a range of studies that cover a 

range of minor methodological differences (Cracco et al., 2018). Given the lack of 

substantial differences between the studies and the consistent pattern of behavioural 

data, it seems unlikely that small differences could be responsible for these effects. 

Finally, we acknowledge that fMRI is only one form of measurement, and it is 

important to consider how these findings mesh with results from 

other neuroscience techniques. For instance, neurostimulation studies have implicated 

rTPJ in imitation control (Santiesteban et al., 2015; Bardi et al., 2017). Using 

repetitive transcranial magnetic stimulation (TMS), dampening of activity in the rTPJ 

interfered with imitative, but not spatial responses (Hogeveen et al., 2014; Sowden & 

Catmur, 2015), whereas excitatory stimulation of the rTPJ by anodal transcranial direct 

current stimulation (tDCS) caused increased performance on the imitation task 

(Santiesteban et al., 2012). Further, in patients with lesions in the temporoparietal 

junction area, imitation inhibition deficits have been found to correlate with deficits in 

visual and cognitive perspective taking tasks, further supporting the role of rTPJ in 

imitation control (Spengler et al., 2010). Thus, there seems to be a discrepancy between 

neurostimulation and patient studies, and results from the current meta-analysis of fMRI 

studies. The evidence from neurostimulation and patient studies for the engagement of 

rTPJ in imitation control is, however, limited to a few studies with small sample sizes. 

Under any yardstick, therefore, the sum total of evidence from neurostimulation and 

patient studies can only be judged to be suggestive at present. It is based on a few studies 

with small sample sizes that lack formal power analyses and replications. Therefore, for 

more confirmatory evidence, future investigations with pre-registered and adequately 
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powered replications are essential (Munafo et al., 2017; Zwaan et al., 2017; Nelson et al., 

2018). In addition, it is also possible that the role of rTPJ in imitation control cannot be 

captured by univariate measurements and a more complex neural organisation is at play 

during imitation control. 

Theoretical implications 

The lack of consistent activation in mPFC in the current meta-analysis and a 

difficulty in interpreting the role of rTPJ have implications for “specialist” theories of 

imitation. “Specialist” theories suggest that based on a dedicated neural circuit for social 

cognition, self-other control is crucial for the regulation of imitation, empathy, autism, 

and theory-of-mind (Brass et al., 2009; de Guzman et al., 2016; Sowden and Shah, 2014). 

However, more recent behavioural evidence suggests that imitation may not vary as a 

function of autistic-like traits or empathy, thus questioning the reliance of imitation 

inhibition on a distinctly social mechanism (Butler et al., 2015; Cracco et al., 

2018; Genschow et al., 2017). Instead, imitation control may involve domain-general 

cognitive control mechanisms, which are also engaged during the control of other non-

social pre-potent response tendencies (Heyes, 2011; Cooper et al., 2012). Indeed, the 

dual-route model of automatic imitation proposed by Heyes (2011) can explain the 

control of automatic imitative tendencies without assuming a reliance on a self-other 

distinction. The model suggests that like other stimulus-response compatibility tasks, 

imitation control is mediated by long-term stimulus-response associations which are a 

product of learning. In line with this, the computational model put forth by Cooper et al. 

(2012) further substantiates this notion by demonstrating that spatial and imitative 

compatibility effects depend on similar cognitive processes, and any behavioural 

differences are accounted for by different sets of input nodes for spatial and imitative 

effects in a general dual-route framework (but see Bertenthal and Scheutz (2013) for a 

critique of this model). 

Even though it is possible that imitation and spatial compatibility rely on a partly 

shared set of cognitive processes, this does not address the question of whether these 

processes also rely on similar or distinct neurobiological mechanisms. The current meta-

analysis suggests that the selection mechanism in imitation inhibition is guided by a 

domain-general multiple demand system, which is also engaged during the inhibition of 

other non-social external influences. However, a lack of engagement of mPFC (and 

possibly rTPJ) in imitation control does not imply that they do not also play a regulatory 
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role in imitation control. For example, mPFC has been demonstrated to exert a top-down 

influence during modulation of imitation via direct gaze (Wang et al., 2011). In addition, 

rTPJ showed a higher response when an interaction partner was believed to be human 

and looked human compared to when these animacy cues were absent (Klapper et al., 

2014). These findings suggest that mPFC and rTPJ may play a regulatory role in imitation 

control and may be functionally connected to other networks without being directly 

engaged (Burnett & Blakemore, 2009). The current findings suggest that future work 

should postulate and test more complex models of imitation control, which extend 

beyond the operations of the theory of mind network. 

In a similar manner, other socio-perceptual circuits, which extend beyond the MD 

network, may also be involved when inhibiting automatic imitative tendencies. In this 

regard, it is important to note the distinction between input- and mechanism-specificity. 

Of course, the input in the imitation inhibition task can be readily identified as emanating 

from a social entity i.e. a human hand. Thus, the observed input is clearly social in the 

sense that the observed agent offers opportunity for social interaction. Although the 

perceptual input is social, a domain-general selection mechanism may still operate in 

imitation control. Indeed, it is possible that the same selection mechanism operates 

across both social and non-social contexts. In the context of imitation, therefore, domain-

specific action observation and person perception networks may functionally interact 

with domain-general control mechanisms in the MD network (see Fig. 1). Thus, similar to 

other domains of social information processing, an interplay between domain-general 

and domain-specific networks may result in the control of automatic imitative tendencies 

(Baldauf & Desimone, 2014; Spunt and Adolphs, 2017; Zaki et al., 2010). Thus, the 

engagement of domain specific and domain general neural networks in imitation control 

may be more complicated that what current models of imitation suggest. Consequently, 

theories that move beyond a neat division and posit links between domain-general and 

domain-specific systems in imitation control need to be given greater emphasis in future 

work (Barrett, 2012; Spunt and Adolphs, 2017; Michael & D’Ausilio, 2015; Binney and 

Ramsey, 2019). 

In conclusion, the current meta-analysis provides evidence that the selection 

mechanism when inhibiting automatic imitative tendencies is guided by the regions of 

the domain-general multiple demand network rather than a domain-specific system 

related to social cognition. Our meta-analysis questions the role of mPFC and right TPJ in 
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imitation control and suggests that current neurocognitive models of imitation control 

need further revision in order to account for the more complex nature of functional 

interplay between domain-general and domain-specific systems. 

Data and code availability statement 

Database of co-ordinates and code used to perform the meta-analysis are available online 

at: https://osf.io/dbuwr/. 
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CHAPTER 4 
 

 

Individual Differences in Social and Non-Social Cognitive Control 

 

This chapter investigates individual differences in automatic imitation using multiple 

large-sample behavioural studies (N>600 across 3 experiments). This study integrates 

experimental and differential psychology approaches in order to investigate the extent 

to which cognitive systems related to social (imitative) and non-social control differ 

between individuals, and whether these differences rely on domain-general or 

specialised control mechanisms.  

 

 

This chapter is published as it is from: 

Darda, K. M., Butler, E. E., & Ramsey, R. (2019, May 23). Individual differences in social 

and non-social cognitive control. Preprint: https://psyarxiv.com/8b4cz/.  
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Abstract 

Cognitive control refers to the ability of human beings to adapt flexibly and quickly to 

continuously changing environments. Several decades of research have identified a 

diverse range of mental processes that are associated with cognitive control but the 

extent to which shared systems underlie cognitive control in social and non-social 

contexts, as well as how these systems may vary across individuals, remains largely 

unexplored. By integrating methodological approaches from experimental and 

differential psychology, the current study is able to shine new light on the relationships 

between stable features of individuals, such as personality and sex, and the architecture 

of cognitive control systems. Across three large-sample experiments (>600 participants 

in total), we demonstrate that cognitive control systems are largely invariant to stable 

aspects of personality, but exhibit a sex difference, such that females show greater task-

interference than males. Moreover, we further qualified this sex difference in two ways. 

First, we showed that the sex difference was unrelated to the sex of the interaction 

partner and therefore did not reflect an in-group bias based on sex. Second, we showed 

that the sex difference was tied to a form of spatial interference control rather than social 

(imitative) control and therefore it does not reflect a specialised mechanism for guiding 

social interactions exclusively. Instead, our findings suggest that a robust sex difference 

exists in the system (or set of subsystems) that operate in resolving a form of spatial 

interference control, and that such systems are unaffected by social factors such as the 

sex of the interaction partner. The results highlight the value of integrating approaches 

from experimental and differential psychology by providing a deeper understanding of 

the structure of cognitive control systems, whilst also providing new dimensions to 

incorporate into theories and models of social and non-social control.   
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General Introduction 

A remarkable feature of the human cognitive system is its ability to quickly and flexibly 

adapt behaviour to guide interactions with people and objects in the environment. The 

mental processes behind such adaptability are collectively referred to as cognitive 

control and have been the focus of growing research in cognitive psychology (Botvinick 

et al., 2001; Inzlicht, Bartholow, & Hirsch, 2015). Several decades of research have 

identified a diverse range of mental processes that are associated with cognitive control, 

as well as the psychological, neural, and computational mechanisms that support it 

(Banich, 2009; Botvinick & Cohen, 2014; O’Reilly et al., 2010). However, the extent to 

which shared systems underlie cognitive control in social and non-social contexts, as well 

as how these systems may vary across individuals, remains largely unexplored.  

A typical assumption in cognitive psychology is that all individuals rely on a 

common set of cognitive mechanisms, despite obvious individual differences (de 

Schotten & Shallice, 2017). Therefore, understanding how general cognitive mechanisms 

operate across all individuals, as well as how different individuals vary from these 

general patterns, is essential for understanding the structure of social and non-social 

cognition (Fischer-Baum et al., 2018). Thus, in the current paper, across three 

experiments, we integrate methodological approaches from experimental and 

differential psychology to investigate the extent to which cognitive systems relating to 

social (imitative) and non-social control differ between individuals, and whether such 

individual differences rely on domain-general or specialised control mechanisms.  

Cognitive control is multi-faceted, with a core function being the ability to inhibit 

unwanted but dominant responses, in order to prioritise alternative, more context-

appropriate responses (Chaiken & Trope, 1999; Miyake et al., 2000; Payne, 2005). For 

example, non-social cognitive control may involve inhibiting automatic reading 

responses in a Stroop task (MacLeod, 1991), whereas social cognitive control may involve 

controlling automatic social biases based on race, sex or other social groupings (Amodio 

et al., 2004). The study of cognitive processes during social interactions has received 

much attention in the last couple of decades across a range of methodologies (Adolphs, 

2009; Frith, 2008; Frith & Frith, 2012; Ochsner & Lieberman, 2001). For example, 

researchers in the domain of social cognition have used methodologies from cognitive 

psychology to provide experimental control over phenomena of interest to social 
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psychologists (Lambert & Scherer, 2013). One such example is that of methodologies 

used to study automatic imitation.  

Humans imitate a wide range of behaviours from their interaction partners, 

including speech patterns, body postures, gestures and facial expressions (Bernieri, 

1988; Brass et al., 2000; Dimberg, 1982; Hansen et al., 2016; Webb, 1972). This behaviour 

is usually not intended, often occurs without the conscious awareness of the imitator, and 

is termed as automatic imitation (Heyes, 2009; 2011). Although unintended, automatic 

imitation has been argued to play a central role in nonverbal social behaviour. Indeed, 

research has suggested that automatic imitation strengthens human bonds by 

functioning as a “social glue,” powers cognitive and social development, enhances 

emotional reciprocity, and increases feelings of affiliation, positive rapport and pro-social 

behaviour (Cacioppo et al., 2000; Chartrand & Bargh, 1999; Kavanagh & Winkielman, 

2016; Lakin & Chartrand, 2003; van Baaren et al., 2003; 2009).  

Given the influential and wide-ranging role that automatic imitation plays in our 

social world, researchers from different disciplines have assessed automatic imitative 

behaviours as well as the antecedents to automatic imitation in order to better 

understand the role of imitation in social cognition. For instance, in social psychology, 

studies of automatic imitation (known as motor mimicry) have typically involved 

measuring overt copying behaviours during live social interactions (Chartrand & Bargh, 

1999; Ray & Heyes, 2011). In one such study, Chartrand & Bargh (1999) asked 

participants to interact with a confederate and perform a card sorting task. During the 

task, the confederate either waggled their foot or touched their face. Behaviours of the 

participant were recorded, and it was found that participants noticeably copied the 

confederate i.e. they touched their face more than waggled their foot when the 

confederate also touched their face, and vice versa.  

By contrast, in cognitive psychology, stimulus-response compatibility (SRC) 

paradigms have been used in order to measure the automatic tendency to imitate (Brass 

et al., 2000; Kilner et al., 2003; Stürmer et al., 2000). SRC paradigms have been commonly 

used in social cognition research to investigate processes associated with the perception 

of eye gaze (Schillbach et al., 2011), as well as joint attention (Sebanz & Knoblich, 2009). 

In a typical SRC task measuring automatic imitation, participants are required to lift their 

index or middle finger in response to a number cue (‘1’ for index finger, ‘2’ for middle 

finger). Simultaneously, they also see either the same finger movement (compatible 
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condition) or a different finger movement (incompatible condition). Participants respond 

slower in the incompatible condition as the observed movement interferes with their 

response. This difference in reaction time between compatible and incompatible 

conditions is referred to as the compatibility effect and is considered to be a measure of 

the control of automatic imitation. That is, it has been argued to index the cognitive 

resources required to inhibit the automatic tendency to copy an observed (incorrect) 

action and instead prioritise the alternative (correct) action (Brass & Heyes, 2005).  

After establishing the basic SRC paradigm in order to measure a form of social 

(imitative) control, subsequent research on automatic imitation in cognitive psychology 

has provided insight into the factors that influence automatic imitation (Heyes, 2011; 

Cracco et al., 2018). To do so, these studies have typically used an experimental method, 

which measures the average influence of a manipulation across a group of participants, 

rather than a differential approach that measures differences across individuals. For 

example, previous research has found that factors such as eye gaze and facial expressions 

of the interacting partner modulate the tendency to automatically imitate (Butler et al., 

2016; Crescentini et al., 2011; Grerucci et al., 2013; Rauchbauer et al., 2015; Wang et al., 

2011; Wang & Hamilton, 2014). These findings suggest that social and contextual factors 

serve as antecedents to automatic imitative behaviours.  

A focus on experimental over differential approaches is consistent with research 

practice in psychology more generally, which over the last 100 years has seen a division 

between two historic streams of method or thought (Cronbach, 1957). One stream – 

experimental psychology - manipulates conditions in order to observe effects on average 

across a group of participants. The other stream – differential psychology - is focussed on 

variation across individuals. Although a confluence of both these methods has been 

suggested for a unification and progress of psychological science as a whole (Cronbach, 

1975; Eysenck & Eysenck, 1985; Eysenck, 1997), these two streams of thought have 

remained largely autonomous (Cramer et al., 2010; Cronbach, 1957). Indeed, by 

focussing on the experimental method, the contribution of individual differences tends to 

be neglected (Eysenck, 1997). For example, in the context of social information 

processing, a recent study found that tasks measuring mental state reasoning may reflect 

socioeconomic characteristics of the sample as much as socio-cognitive processes 

(Dodell-Feder et al., 2019). Thus, it is essential to embrace both experimental and 

differential methods (including but not limited to sex, age, social class, culture, and 
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personality traits) in order to fully understand the complex underpinnings of social 

interactions.  

To aid cross-pollination between experimental and differential approaches, 

more recent imitation research has started to take an individual differences approach by 

investigating how characteristics of the imitator also influence automatic imitation. For 

example, imitative behaviour has been argued to vary across stable personality traits 

such as empathy (Chartrand & Bargh, 1999), narcissism (Hogeveen & Obhi, 2013; Obhi 

et al., 2014), interoceptive awareness (Ainley et al., 2014) as well as alexithymia (Sowden 

et al., 2016). Such claims, however, are limited due to the small number of studies 

reported to date, together with the use of relatively small sample sizes and a lack of 

powerful replications. Moreover, further studies, which used considerably larger sample 

sizes, have not been able to replicate the moderating influence of personality variables 

on automatic imitation (Butler et al., 2015; Cracco et al., 2018). For example, in the study 

by Butler and colleagues (2015), personality variables such as empathy, narcissism, 

extraversion, agreeableness, as well as autistic-like and schizotypal traits, did not predict 

automatic imitation as measured on the SRC task. Interestingly, however, Butler and 

colleagues (2015) showed that the sex of the participant modulated the compatibility 

effect such that females showed a greater compatibility effect compared to males. 

Therefore, it is possible that biological sex is a factor to consider further when attempting 

to understand how cognitive mechanisms supporting imitation vary across individuals. 

Sex is an important individual difference that influences a wide range of cognitive 

abilities and skills in social as well as non-social contexts (Geary, 2010; Hall, 1978). 

However, few studies have investigated how socio-cognitive abilities vary as a function 

of one’s biological sex, and the ones that have studied sex differences have typically 

focused on mental reasoning or emotion perception (Campbell et al., 2002; Krach et al., 

2009; Rahman et al., 2004; Russel et al., 2007). Further, such prior studies have often 

produced mixed results based on relatively small sample sizes (Hyde, 2014; Miller & 

Halpern, 2014). Therefore, the potential influence of sex on complex cognitive 

mechanisms that control non-verbal interactions, remains largely unknown.  

The extent to which sex differences operate in imitative behaviour has also 

received minimal attention to date. For example, no sex differences have been found on 

the automatic imitation of actions or gestures (Chartrand & Bargh, 1999; Larsen et al., 

2010). By contrast, studies on facial mimicry have shown that females automatically 
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imitate facial expressions more than males (Dimberg, 1990; Sonnyby-Borgstrom et al., 

2008). Although there is no clear and consistent empirical evidence to date, which speaks 

to sex differences in imitation, there is theoretical reason to think that sex differences 

may exist in imitative behaviour. Indeed, there is robust evidence for females to be more 

empathetic than males (Baron-Cohen & Wheelwright, 2004; Christov-Moore et al., 2014). 

Further, empathy has been associated with a variety of paradigms investigating imitation 

(Chartrand & Bargh, 1999; Müller et al., 2013; Sonnby-Borgstrom 2002). Females could 

thus be more pro-social than males in general, which may lead to more imitative 

tendencies in particular social contexts.  

Further, a core question pertains to whether the sex difference seen in the SRC 

task is a genuine difference between males and females, or reflects an in-group or own-

sex bias. The stimuli used in the task by Butler and colleagues (2015) were of a female 

hand. It may be that automatic imitation may increase when the sex of the participant and 

the interacting partner are matched. In other words, female participants observing a 

female hand may show an in-group bias. Group biases (typically in-group favouritism and 

out-group dislike) are prevalent in day-to-day social interactions (Allport, 1954; 

Cameron et al., 2001). Individuals show in-group favouritism for members of their own 

race and ethnicity (Aboud 1988; Ito & Bartholow, 2009; Kubota et al., 2012; Malpass & 

Kravitz, 1969; Milner, 1983; van Bavel & Cunningham, 2009), sex (Brown, 1995; Fishbein, 

1996; Powlishta, 1995; Rudman & Goodwin, 2004; Yee & Brown, 1994), as well as when 

groups are arbitrarily assigned (Bernstein et al., 2007; Tajfel et al., 1971). Therefore, 

ingroup biases seem like a powerful candidate mechanism, which may guide imitative 

behaviour based on the sex of the interaction partner. 

In imitation research more specifically, children have been known to imitate 

same-sex models more than others (Shutts et al., 2010). Further, facial imitation and SRC 

measures of automatic imitation have both been found to increase when the interacting 

partner is an in-group member compared to an out-group member based on race, 

ethnicity and arbitrary group assignment (Gleibs et al., 2016; Mondillon et al., 2007; 

Rauchbauer et al., 2015). Thus, the sex difference on the SRC task may be explained by 

females being more sensitive to female stimuli, thus showing a higher compatibility effect 

compared to males. In line with this possibility, recent work provides suggestive evidence 

for a sex difference and/or in-group bias in the automatic imitation task (Cracco et al., 

2018; Genschow et al., 2017). For example, a meta-analysis found a higher reaction time 
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compatibility effect when the sex of the stimuli matched the sex of most participants in 

the sample2. In addition, a study using a female model also found a higher compatibility 

effect in females compared to males (Genschow et al., 2017). However, the extent to 

which this sex difference reflects an in-group bias remains unclear because no existing 

study has manipulated the sex of the stimuli across male and female participants.  

Another possible explanation of the sex difference on the automatic imitation SRC 

task is that females tend to automatically imitate more than males, and therefore require 

more cognitive resources to inhibit the tendency to automatically imitate, leading to a 

greater compatibility effect. If so, the sex difference would be tied to a process related to 

imitation specifically. Alternatively, the sex difference may be more domain-general in 

nature i.e. it may reflect a basic difference in the cognitive systems that underlie 

performance on SRC tasks more generally.  

Consistent with a domain-general explanation, sex differences have been found on 

a whole range of non-social inhibitory control tasks which, like the imitation task, require 

the inhibition of task-irrelevant automatic response tendencies in order to enforce a task-

relevant response. For example, on a typical flanker task, participants are instructed to 

respond to the central stimulus, and inhibit their automatic response tendencies to the 

flankers or task-irrelevant stimuli that are also presented (Eriksen & Eriksen, 1974). 

Females were found to have a higher compatibility effect than males i.e. they were slower 

to respond when flankers were incompatible to the task-relevant response (Stoet, 2010; 

Judge & Taylor, 2012; Clayson et al., 2011). A similar profile of sex difference has also 

been found on other inhibitory control tasks like the oddball, gaze- and arrow-cueing, and 

Simon tasks (Rubia et al., 2010; Bayliss et al., 2005; Merritt et al., 2007; Alwall et al., 

2010). As such, sex differences in SRC tasks may reflect differences in cognitive systems 

that operate across these tasks such as selective attention (Clayson et al., 2011) and/or 

spatial processing (Stoet, 2017).  

These findings suggest that it is as yet unclear whether the sex difference on SRC 

measures of automatic imitation reflect more domain-general processes or processes 

solely tied to imitative control (Butler et al., 2015; Cracco et al., 2018; Darda et al., 2018; 

 
2 However, the authors of the meta-analysis categorised a sample as “female” if more 
than half the population was female. Thus, even samples with 51% females would be 
classified as a female sample, biasing the interpretation of the consequent analysis and 
making clear conclusions difficult to reach.  
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Darda & Ramsey, 2019; Genschow et al., 2017). Indeed, the SRC task used by previous 

researchers to demonstrate the existence of a sex difference was a composite of both 

spatial and imitative components (Butler et al., 2015; Genschow et al., 2017). A sex 

difference solely tied to imitative control might suggest that a distinct mechanism, or a 

partially distinct set of mechanisms, may underpin performance on the automatic 

imitation task compared to other inhibitory control tasks. Thus, in order to understand 

the cognitive architecture of social interactions, it is critical to unpack the relative 

contributions of both general and specific components in socio-cognitive processes. Such 

a viewpoint is consistent with recent proposals, which suggest that it may be fruitful to 

view social cognition as a composite of both domain-general and domain-specific 

processes, rather than overly focus on domain-specific contributions (Michael & 

D’Ausilio, 2015; Spunt & Adolphs, 2017; Binney & Ramsey, 2019; Ramsey, 2018). 

Therefore, in the current study, we investigate sex differences on the automatic imitation 

task as well as a non-social control task in order to investigate whether the sex difference 

relies on domain-general and/or domain-specific mechanisms.  

In the current paper, across three large sample experiments, we integrate 

approaches from experimental and differential psychology approaches to investigate 

three critical questions pertaining to individual differences in a form of social (imitative) 

and non-social cognitive control. First, consistent with recent suggestions to make 

replication a common and foundational practice in psychology (Zwaan et al., 2018), we 

aim to confirm the sex difference found previously (on both social and non-social 

cognitive control tasks) and provide a more precise estimate of the effect size. Further, 

we aimed to replicate the lack of variation in automatic imitation as a function of 

personality traits that has been reported previously in large sample research designs 

(Butler et al., 2015; Cracco et al., 2018). Second, we aim to investigate whether the sex 

difference on the imitation task reflects an actual difference between males and females, 

or an in-group or own-sex bias. Third, we aim to uncover whether mechanisms 

underlying the sex difference are domain-general or domain-specific (or a combination 

of both).  
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Experiment 1 

Introduction 

In the first experiment, we aim to replicate the sex difference on the general 

compatibility effect as found previously (Butler et al., 2015; Genschow et al., 2017). We 

further extend this research by investigating whether performance on a non-social 

inhibitory control task (i.e. a flanker task) also varies between the sexes. A similar sex 

difference on both tasks would indicate that the sex difference is supported by differences 

in a basic domain-general control system that underpin performance across social and 

non-social tasks. Alternatively, a sex difference on only one task would indicate at least 

partially distinct mechanisms as a function of sex.  

Further, we also investigate the extent to which stable dimensions of personality 

influence the control of automatic imitation as measured on the SRC task. Prior work has 

provided mixed evidence regarding this question. Some studies have found a link 

between automatic imitation and empathy (Chartrand & Bargh, 1999) and narcissism 

(Hogeveen & Obhi, 2013; Obhi et al., 2013). There are theoretical grounds to also posit a 

link between automatic imitation and two of the Big Five personality factors. 

Agreeableness and extraversion have been previously linked to empathy, altruism, and 

sociability (Ashton et al., 1998; Barrio et al., 2004; McCrae & Costa, 1999), and are thus 

considered as contributors to prosocial behaviour (Graziano & Eisenberg, 1997). Thus, 

individuals who are more agreeable and more extraverted may be more prosocial and 

could thus imitate their interacting partners more than others. In addition, although 

controversial and debated (Hamilton, 2013; Southgate & Hamilton, 2008), imitation 

abilities have been argued to vary in atypical populations including autism spectrum 

disorders and schizophrenia (Oberman & Ramachandran, 2007; Thakkar et al., 2014; 

Williams et al., 2001), indicating that a relationship may exist between autistic-like and 

schizotypal traits and automatic imitation.  

The largest datasets to date, however, show that performance on the SRC task is 

invariant to stable personality variables (Butler et al., 2015; Cracco et al., 2018). One 

concern with such null effects of personality is that they may reflect the impoverished 

social context of the SRC task. That is, effects of interest may only operate in more socially 

meaningful contexts. Therefore, in Experiment 1, we make the social context more 

meaningful by including emotional facial expressions within our design and investigate 

the extent to which automatic imitation continues to remain invariant as a function of 
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stable personality traits. We included five face images depicting five different emotional 

expressions (fearful, angry, happy, sad, neutral), and seven personality variables such as 

extraversion, agreeableness, autistic-like and schizotypal traits, narcissism (including 

grandiose narcissism and vulnerability narcissism), empathy (including empathic 

concern and perspective taking), and alexithymia (for detailed information about 

measures used, see supplementary material). Following Butler and colleagues (2015), 

although there is theoretical reason to expect pro-social dimensions of personality to be 

related to automatic imitation, we would expect automatic imitation to be invariant to 

stable dimensions of personality. 

 

Method 

Across all experiments, we report how the sample size was determined, all data 

exclusions, and all measures in the study (Simmons et al., 2011; 2012). Following open 

science initiatives, all raw data are available online for other researchers to pursue 

alternative questions of interest. For all three experiments, data pre-processing, 

statistical analyses, and data visualisations were performed using R (R Core Team, 2018), 

unless otherwise specified. All raw data and code used for analyses are available online 

(https://osf.io/fsh9b/).    

We determined the sample size for our experiments as follows. For experiment 

1, we aimed to collect as many participants as possible over a two-day data collecting 

session. Therefore, the stopping rule was to terminate data collection after day 2 of data 

collection. For Experiments 2 and 3, in order to focus our design on the primary research 

question, which concerned sex differences, we set a minimum sample size of 100 male 

and 100 female participants. Sensitivity analyses revealed that given a sample size of two 

hundred participants (100 per sex), we would have 80% power to detect an effect size of 

Cohen’s d > 0.35 for the mean difference between the two sexes, and an effect size of 
𝑝
2  

> 0.04 for a 2 x 2 mixed ANOVA. Such a design, therefore, provides reasonable confidence 

(80%) to detect effect sizes of interest that are conventionally considered small-to-

medium.  

Participants. 

Two hundred and three participants took part in this experiment for monetary 

compensation (£6) or course credit. All participants provided informed consent and had 

normal or corrected-to-normal vision. Approval was obtained from the Research Ethics 
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and Governance Committee of the School of Psychology at Bangor University. 

Participants were excluded if performance was three standard deviations away from the 

group mean average performance per condition in terms of accuracy or reaction time 

(N=14 for the imitation task, N=7 for the flanker task). A further 14 participants were 

excluded as demographic information (age and sex of the participant) was not recorded. 

For the imitation task, the final sample included 175 participants (59 males, Meanage = 

20.9, SDage = 4.23). For the flanker task, the final sample included 182 participants (59 

males, Meanage = 20.9, SDage = 3.73).  

Stimuli, tasks, and procedure. 

Automatic imitation task. The automatic imitation task was based on the 

stimulus response compatibility (SRC) paradigm developed by Brass and colleagues 

(2000), which consisted of the observation and execution of finger lifting movements 

(Figure 1). In order to explore whether facial cues signalling emotional states influenced 

automatic imitation, and to make the social context more meaningful, five face images 

depicting five different emotional states were also presented along with the hand stimuli 

of the imitation task. The face stimuli were images of 5 individuals from the NimStim data 

set with five different expressions (neutral, sad, happy, fearful, and angry) (Tottenham et 

al., 2009). Closed mouth variations of sad and neutral, and open mouth versions of 

smiling, frowning, and fearful expressions were chosen as these stimuli were most often 

correctly identified (see validation data provided by Tottenham and colleagues: 

http://www.macbrain.org/faq.htm). To avoid any effects of race, models were chosen 

from the largest ethnic group represented in the NimStim set (European-American). 

From this group, five male and five female models whose expressions were identified 

with the highest accuracy across the five relevant expressions were chosen. Thus, there 

were a total of 50 different face images. 

The hand stimuli comprised five images of a female hand positioned in the centre 

of the screen and viewed from a third person perspective such that the fingers extended 

towards the participants. The first image was of the hand in a neutral position, while the 

remaining four images showed either an index or middle finger lift with a number ‘1’ or 

‘2’ presented between the index and middle finger. Participants were asked to hold down 

the “m” and “n” keys on the keyboard with their index and middle fingers of the right 

hand, respectively. They were instructed to lift their index finger when they saw a 

number “1” and their middle finger when they saw the number “2”. Thus, there were four 
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possible trial types, two of which were compatible, and two of which were incompatible. 

In the compatible condition, participants were cued to perform the same finger-lifting 

movement that they observed (i.e. an index finger movement with a ‘1’ or a middle finger 

movement with a ‘2’). In the incompatible condition, the executed and observed 

movements were different (i.e. an index finger movement with a ‘2’ or a middle finger 

movement with a ‘1’).  

Each trial began with the presentation of a fixation cross for 500 milliseconds 

(ms). A face image was presented after the fixation cross for 500 ms, followed by the 

neutral hand image. The face image remained on the screen above the neutral hand and 

target hand image for the remainder of the trial. The neutral hand was presented for a 

random inter-stimulus interval (ISI) of 500, 700, or 1000 ms, followed by the target hand 

image. The succession of neutral and target hand images was such that it produced 

apparent motion of either an index or middle finger lift simultaneously with the 

presentation of the number cue. The target hand image remained on the screen until the 

participant made a response (but no longer than 2000 ms). The total trial length varied 

depending on the ISI, but was never longer than 3500 ms. Trials were pseudo-

randomised in such a way that no more than 4 identical trials were presented 

consecutively. There were four blocks of 50 trials each which included 25 compatible 

trials and 25 incompatible trials with equal number of trials per face image.   

 

Flanker task. The flanker task was based on the paradigm developed by Eriksen 

and Eriksen (1974; Figure 1). The stimuli consisted of five equally sized and spaced white 

arrows on a black background. Participants were instructed to respond to the direction 

of the central arrow – they were asked to press key ‘m’ with their right index finger if the 

central arrow pointed to the right, and press key ‘n’ with their left index finger if the 

central arrow pointed to the left. The direction of the flanker arrows was either 

compatible (<<<<< OR >>>>>) or incompatible (<<><< OR >><>>) to the central arrow 

direction. This produced four trial types and two conditions (compatible and 

incompatible).  
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Figure 1. Imitation and Flanker Tasks. Stimuli and trial design for the imitation and flanker tasks in Experiments 1, 2, and 3. Flanker tasks were similar 
for Experiment 1 and 2. In Experiment 1, in the imitation task, hand stimuli were preceded by a face depicting either a neutral, happy, sad, fearful, or 
angry image. In Experiment 2, hand stimuli were presented orthogonal to the participant’s response hand, and in Experiment 3, both left- and right-
hand images were used in order to measure imitative and spatial effects independent of each other. 
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Each trial started with a fixation cross for 800 ms, 1000 ms, or 1200 ms. The 

flanker arrows then appeared on the screen for 100 ms, followed by the central arrow in 

between the flankers. The five arrows remained on the screen till the participant 

responded (but for no longer than 1600 ms). Participants were first presented with the 

fixation cross for 800 ms, 1000 ms, or 1200 ms, followed by the presentation of the four 

flanker arrows for 100 ms. Total trial length was never longer than 2900 ms. Trials were 

pseudo-randomised in such a way that no more than 4 identical trials were presented 

consecutively. Each participant did one block of 64 trials, with 32 compatible, and 32 

incompatible trials. Further, in this experiment, we addressed an additional unrelated 

question – in half of the compatible and incompatible trials, flanker arrows flipped arrow 

direction during the trial between their initial presentation on the screen and the 

appearance of the central arrow. However, as we were interested in the basic 

compatibility effect, we collapsed trials across conditions irrespective of whether they 

changed direction mid trial or not.  

Participants first completed the automatic imitation task, followed by the flanker 

task. Before starting each task, they completed a 10-trial practice block.  

Questionnaires. Participants also completed a range of self-report questionnaires 

which included the Mini International Personality Item Pool (mini IPIP; Donnellan et al., 

2005; the Short Autism Spectrum Quotient (AQ-10 Adult; Baron-Cohen et al., 2001; 

Allison et al., 2012), the Brief Schizotypal Personality Questionnaire (SPQ-B; Raine & 

Benishay, 2005), the Narcissistic Personality Inventory (NPI-16; Ames et al., 2006), the 

Hypersensitivity Narcissism Scale (HSNS; Hendin & Cheek, 1997), the Interpersonal 

Reactivity Index (IRI; Davis, 1980), and the Toronto Alexithymia Scale (TAS-20; Bagby et 

al., 1994). For more details on the measures used, see the Supplementary Material.   

 

Data analysis. 

Accuracy on the imitation task was recorded as the proportion of trials that were 

correct i.e. when participants lifted the correct finger in response to the number cue. 

Reaction time (RT) was recorded as time taken from target onset to participant’s 

response. Only correct trials were used to calculate RT. Trials on which participants 

responded incorrectly, i.e. lifted the wrong finger, responded after 2000 ms, or before 

target onset were all excluded from the analysis (5.64%).  

Accuracy on the flanker task was recorded as the proportion of trials that were 

correct i.e. when participants pressed the correct button in response to the central arrow 



www.manaraa.com

4. INDIVIDUAL DIFFERENCES 

 108 

direction. RT was calculated as the time taken from target onset (i.e. presentation of the 

arrow) to when the participant made a response. Only correct trials were used to 

calculate RT. Trials on which participants responded incorrectly, i.e. lifted the wrong 

finger, responded after 1600 ms, or before target onset were all excluded from the 

analysis (4.77%). Compatibility effects were calculated by subtracting reaction times on 

compatible trials from reaction times on incompatible trials.  

Data was analysed as follows: first, for both the RT and accuracy data on the 

imitation task, a 2 (compatibility: incompatible, compatible) x 5 (emotion: neutral, sad, 

happy, fearful, angry) repeated measures ANOVA was performed to investigate whether 

facial cues signalling emotional states modulated the compatibility effect on the imitation 

task. Second, on both RT and accuracy data, for the flanker and imitation tasks separately, 

a 2 (compatibility: compatible, incompatible) x 2 (sex: male, female) mixed ANOVA was 

performed in order to investigate whether the compatibility effect on the imitation and 

flanker tasks varies as a function of sex.  

Based on prior research (Heyes, 2011; Brass et al., 2000; Eriksen & Eriksen, 1974), 

we expected a main effect of compatibility such that RT would be higher, and accuracy 

would be lower on incompatible trials compared to compatible trials. In support of our 

hypothesis, we also expected a Compatibility*Sex interaction such that the compatibility 

effect would be higher for females as compared to males. The interaction effect was 

central to testing our primary hypothesis, and thus, we calculated compatibility effects 

for male and female participants separately by computing the mean difference and 95% 

confidence intervals between compatible and incompatible conditions. In order to 

directly estimate the size of the difference in compatibility effects between males and 

females, we then again computed the mean difference and 95% confidence interval. We 

used one-tailed 95% confidence intervals as we had a directional hypothesis that females 

would have a higher compatibility effect than males on both the imitation and flanker 

tasks. Third, in order to investigate whether the flanker and imitation compatibility 

effects were correlated, a one-tailed Pearson’s correlation was performed. A positive 

correlation would suggest that the two compatibility effects were related to each other.   

We also report standardised effect sizes for ANOVA using partial eta-squared (
𝑝
2) 

for independent samples t-tests using Cohen’s d and for paired samples t-tests using 

Cohen’s dz (Cohen, 1992; Lakens, 2013). We also report and interpret the point and 

interval estimate using 95% CIs for effect sizes of interest in line with recent suggestions 

(Cumming, 2012; Amrhein et al., 2019). In order to quantify the evidence for a null 
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hypothesis over the experimental hypothesis (where a null result was found using null 

hypothesis significance testing; NHST), we calculated the Bayes factor (BF01) by 

performing a Bayesian independent samples t-test to investigate the sex difference 

between the sexes. The Bayes factor was interpreted using benchmark criteria from 

Jeffereys (1961). Bayesian analyses, Cohen’s d and dz, as well as 95% CIs were calculated 

using JASP (JASP Team, 2018). 

Further, as previous research demonstrated that the compatibility effect (as 

measured on the SRC imitation task) is invariant to stable traits of personality (Butler et 

al., 2015), we also investigated whether personality variables influenced automatic 

imitation by using multiple regression analyses. We introduced a more social context to 

the task by introducing facial cues signalling emotional expressions simultaneously with 

the hand images. Based on prior work, we predicted that facial cues signalling positive 

emotions would increase automatic imitation compared to neutral and negative 

emotional expressions (Rauchbauer et al., 2015; Butler et al., 2016). Following Butler and 

colleagues (2015), we set up a base model comprising mean RT (collapsed across all 

conditions), participant sex, and the mean RT * sex interaction, as these factors have been 

shown to explain variance in automatic imitation previously (Butler et al., 2015). We then 

individually tested the contribution of each of the personality measures by adding them 

to the base model in separate hierarchical multiple regression analyses. By doing so, we 

are able to address the extent to which personality measures predict variance in the SRC 

imitation task above and beyond the base model. To transparently visualise and report 

the data, we also include zero-order correlations between personality measures and 

performance on the SRC imitation task. As sex differences have been previously found on 

personality measures (Schmitt et al., 2008), we computed sex*trait interaction terms for 

all personality variables, and evaluated them in separate multiple regression models.   

Results 

Automatic imitation task. 

Accuracy. Average accuracy on the imitation task was above 90% for both males 

and females on both compatible and incompatible conditions (Figure 2, Supplementary 

Table 1). A 2 (compatibility: compatible, incompatible) x 5 (emotion: neutral, sad, happy, 

fearful, angry) ANOVA showed no main effect of emotion (F (4, 696) = 0.50, p=0.729, 
𝑝
2  

= 0.003) and no significant Compatibility*Emotion interaction (F (4, 656) = 1.20, p=0.310, 


𝑝
2  = 0.007). Thus, for all further analyses of accuracy, trials are collapsed across all 

emotion conditions.  
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The 2 (compatibility: compatible, incompatible) x 2 (sex: male, female) mixed 

ANOVA showed a main effect of compatibility such that participants were more accurate 

on compatible trials than incompatible trials (F(1, 173) = 258.09, p<.001, 
𝑝
2  = 0.60; 

Figure 2). The effect size for the main effect of compatibility is conventionally considered 

to be large. There was no significant main effect of sex (F(1, 173) = 0.22, p = 0.64, 
𝑝
2  = 

0.001) and no significant Compatibility*Sex interaction (F(1, 173) = 0.60, p = 0.44, 
𝑝
2  = 

0.003) and the effect sizes were close to zero (Supplementary Table 2).  

 
Figure 2. Experiment 1 – Imitation Task Accuracy. Raincloud plot (Allen et al., 2018) 

illustrating imitation task accuracy. Accuracy is reported in percentage of correct 
responses. Error bars show 95% confidence intervals. Green and orange markers show 

individual data points for compatible and incompatible conditions for males and 
females. 

 
Reaction time. Average reaction times on the imitation task for both males and 

females on both compatible and incompatible conditions were between 485 and 585 

milliseconds (Figure 3, Supplementary Table 1). A 2 (compatibility: compatible, 

incompatible) x 5 (emotion: neutral, sad, happy, fearful, angry) ANOVA showed no main 

effect of emotion (F (4, 696) = 1.81, p=0.127, 
𝑝
2  = 0.004). Importantly, there was no 

Compatibility*Emotion interaction and the effect size was close to zero (F (4, 696) = 0.40, 
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p=0.796, 
𝑝
2  = 0.002, see Supplementary Figure 1). Thus, for all further analyses of RT, 

trials are collapsed across all emotion conditions.  

The 2 (compatibility: compatible, incompatible) x 2 (sex: male, female) mixed 

ANOVA showed a main effect of compatibility such that participants were slower to 

respond on incompatible trials than compatible trials (F(1, 173) = 669.77, p<.001, 
𝑝
2  = 

0.80; Figure 3). The effect size for the main effect of compatibility is conventionally 

considered to be large. There was no significant main effect of sex and the effect size was 

close to zero (F(1, 173) = 0.26, p = 0.61, 
𝑝
2  = 0.001). There was a Compatibility*Sex 

interaction approaching significance and the effect size is generally considered to be a 

small effect (F(1, 173) = 3.16, p = 0.08, 
𝑝
2  = 0.018; Supplementary Table 2).  

To further explore our primary research question regarding sex differences in the 

imitation task, compatibility effects were computed separately for males and females, and 

then compared to each other. For both males and females, compatibility effects had a 

large standardised effect size (Cohen’s dz > 2.07) with the lower bound of the 95% 

confidence interval at 1.68 or higher. When compatibility effects for males and females 

were directly compared to each other, we found a mean difference in the direction that 

was predicted (females > males). Indeed, the compatibility effect for females was 

12.40ms higher than males and the lower bound of the 95% confidence interval was 

0.87ms (Mean Difference = 12.40 ms, 95% CI[0.87, ∞], Cohen’s d = 0.28, 95% CI [0.02 , 

∞]; Figure 3, Table 1A). The standardised effect of d = 0.28 is conventionally considered 

a small-to-medium effect, and the lower bound of the 95% confidence interval was just 

above zero (0.02). Thus, these findings suggest that performance on the imitation task 

differs as a function of sex in a manner that is consistent with our predictions, such that 

females had a greater compatibility effect than males.  
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Figure 3. Experiment 1 – Imitation Task Reaction Time. Reaction time is reported 

in milliseconds (ms). The upper panel shows mean reaction times for compatible and 

incompatible conditions for both males and females. The lower panel shows the 

compatibility effect for both males and females. The compatibility effect is calculated by 

subtracting reaction times on compatible trials from incompatible trials. Error bars 

represent 95% confidence intervals. Abbreviations: RTms = reaction time in 

milliseconds.
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Table 1. 
Compatibility effects for the imitation and flanker tasks across Experiments 1, 2, and 3. 

N.B. Compatibility effects for males and females, as well as the difference between males 
and females, for the imitation and flanker tasks are reported for Experiments 1, 2, and 3, 
along with 95% CIs, effect sizes and BF01. Abbreviations: ms = milliseconds, CI = 
confidence intervals, BF = Bayes Factor.  
  

A) Experiment 1 Compatibility effect for the imitation and flanker task 
 Mean Difference 

(ms) 
95% CI Cohen’s dz/d BF01 

Imitation task 
(General Compatibility Effect) 

Males 84.03 (75.19, ∞) 2.07 [1.68, ∞]  
Females 96.43 (89.49, ∞) 2.14 [1.86, ∞]  

Females - Males 12.40 (0.87, ∞) 0.28 [0.02, ∞]  
 

Flanker Task 
(Flanker Compatibility Effect) 

Males 51.17 (42.46, ∞) 1.28 [0.98, ∞]  
Females 56.79 (51.42, ∞) 1.58 [1.36, ∞]  

Females - Males 5.62 (-4.14, ∞) 0.15 [-0.11, ∞] 3.85 
 

B) Experiment 2 Compatibility effect for the imitation and flanker task 
 Mean Difference 

(ms) 
95% CI Cohen’s dz/d BF01 

Imitation task 
(Orthogonal Compatibility Effect) 

Males 25.79 (21.72, ∞) 1.02 [0.82, ∞]  
Females 32.77 (28.82, ∞) 1.28 [1.07, ∞]  

Females - Males 6.98 (1.34, ∞) 0.27 [0.05, ∞]  
 

Flanker Task 
(Flanker Compatibility Effect) 

Males 93.88 88.89 3.11 [2.71, ∞]  
Females 94.87 89.96 2.98 [2.62, ∞]  

Females - Males 0.98 (-6.01, ∞) 0.03 [-0.19, ∞] 6.58 
 

C) Experiment 3 Spatial and imitative compatibility effects (collapsed across all 
levels of stimulus sex) 

 Mean Difference 
(ms) 

95% CI Cohen’s dz/d BF01 

Spatial Compatibility 
(Spatially Incompatible – Spatially Compatible) 

Males 30.74 (27.64, ∞) 1.18 [1.02, ∞]  
Females 37.28 (33.97, ∞) 1.37 [1.20, ∞]  

Females - Males 6.53 (2.02, ∞) 0.24 [0.07, ∞]  
     

Imitative Compatibility 
(Imitatively Incompatible – Imitatively Compatible) 

Males 7.02 (4.50, ∞) 0.33 [0.21. ∞]  
Females 8.35 (5.95, ∞) 0.42 [0.30, ∞]  

Females - Males 1.33 (-2.15, ∞) 0.06 [-0.10, ∞] 4.95 
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Flanker task. 

Accuracy. Average accuracy on the flanker task was above 94% for both males 

and females on both compatible and incompatible conditions (Figure 4, Supplementary 

Table 1). A 2 (compatibility: compatible, incompatible) x 2 (sex: male, female) mixed 

ANOVA (Figure 4) showed no main effect of compatibility (F(1, 180) = 2.24, p = 0.136, 
𝑝
2  

= 0.01). The effect size for the main effect of compatibility was close to zero. There was 

no significant main effect of sex (F(1, 180) = 0.04, p = 0.85, 
𝑝
2  = <0.001) and no significant 

Compatibility*Sex interaction (F(1, 180) = 0.09, p = 0.759, 
𝑝
2  < 0.001) and the effect sizes 

were almost zero (Supplementary Table 2).  

 

 
 
Figure 4. Experiment 1 – Flanker Task Accuracy. Accuracy is reported in percentage of 
correct responses. Error bars show 95% confidence intervals. Green and orange markers 
show individual data points for compatible and incompatible conditions for males and 
females.  
 

Reaction time. Mean reaction time on the flanker task for both males and females 

on both compatible and incompatible conditions was between 420 and 495 milliseconds 

(Figure 5, Supplementary Table 1). A 2 (compatibility: compatible, incompatible) x 2 (sex: 

male, female) mixed ANOVA (Figure 5) showed a main effect of compatibility such that 

participants were slower to respond on incompatible trials than compatible trials (F(1, 
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180) = 334.15, p<.001, 
𝑝
2  = 0.65). The effect size for the main effect of compatibility is 

conventionally considered to be large. There was a main effect of sex approaching 

significance and the effect size was a small effect (F(1, 180) = 3.40, p = 0.08, 
𝑝
2  = 0.02). 

There was no significant Compatibility*Sex interaction and the effect was close to zero 

(F(1, 180) = 0.90, p = 0.34, 
𝑝
2  = 0.005). The main effect of sex showed that females were 

overall slower than males on the flanker task (see Supplementary Table 2).  

 
Figure 5. Experiment 1 – Flanker Task Reaction Time. Reaction time is reported in milliseconds 
(ms). The upper panel shows mean reaction times for compatible and incompatible conditions 
for both males and females. The lower panel shows the compatibility effect for both males and 
females. The compatibility effect is calculated by subtracting reaction times on compatible trials 
from incompatible trials. Error bars represent 95% confidence intervals. Abbreviations: RTms = 
reaction time in milliseconds.  



www.manaraa.com

4. INDIVIDUAL DIFFERENCES 

 116 

To further compare with the automatic imitation task, compatibility effects in the 

flanker task were computed separately for males and females, and then compared to each 

other. For both males and females, compatibility effects had a large effect size (Cohen’s 

dz > 1.2) with the lower bound of the 95% confidence interval at 0.98 or higher. When 

compatibility effects for males and females were directly compared to each other, there 

was a trend toward females showing a higher compatibility effect than males by 5.62ms, 

with the lower bound of the 95% confidence interval at -4.14 ms below zero (Mean 

Difference = 5.62 ms, 95% CI[-4.14, ∞], Cohen’s d = 0.15, 95% CI [-0.11]; see Figure 5, 

Table 1A).The effect size was small, with the lower bound of the 95% confidence interval 

at -0.11. A Bayesian independent samples t-test showed that the null was 3 to 4 times 

more likely than the alternative hypothesis (BF01 = 3.85). Thus, a reasonable estimate for 

the mean difference between males and females on the flanker compatibility effect ranges 

from -4.14ms to 5.62 ms, with our best estimate being a small difference between females 

and males, such that females may show a higher compatibility effect than males.  

 

Correlational analysis. 

In order to investigate whether the flanker and imitation compatibility effects 

were correlated, a one-tailed skipped correlation was performed. To do so, only those 

participants who performed both the tasks were included in the analysis (N=165). The 

skipped correlation analyses were performed using a Matlab-based toolbox (Mathworks 

Inc., MA; http://sourceforge.net/projects/robustcorrtool/, Pernet, Wilcox, & Rousselet, 

2013). Skipped correlation takes into consideration the overall structure of the data, and 

protects against bivariate outliers. In order to perform a skipped correlation analysis, we 

first tested the assumptions of normality and homogeneity of variance. The Henze-

Zirkler’s multivariate normality test (Trujillo-Ortiz et al., 2007) indicated that the data 

were close to normally distributed, and the test for heterogeneity indicated that the data 

have the same variance.  Next, we estimated the robust centre of the data using the 

minimum covariance determinant (MCD) estimator. The MCD estimator is considered to 

be a robust estimator of the scatter and location of multivariate data (Rousseeuw, 1984; 

Rousseeuw & van Drissen, 1999; Verboten & Hubert, 2005). Bivariate outliers were then 

identified by using a projection technique – data points were orthogonally projected by 

lines joining each data point to the robust centre of the data cloud. Five bivariate outliers 

were removed using the box-plot rule relying on the interquartile range (Carling, 2000), 

and skipped correlation was computed on the remaining data. Following guidelines put 
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forward previously (Pernet et al., 2013), as the data were close to not being normally 

distributed, we used a skipped Spearman correlation analysis. A one-tailed skipped 

Spearman correlation analysis showed a small positive correlation between the imitation 

and flanker compatibility effects, which did not pass our statistical threshold, with the 

lower bound of the 95% CI extended below zero (r (160) = 0.04, 95% CI [-0.12, ∞]; see 

Figure 6).  

 
 

Figure 6. Experiment 1 - Correlation Analysis. A skipped Spearman correlation shows a 
small positive correlation between the flanker and imitative compatibility effects that 
does not pass our statistical thresholding. Abbreviations: RTms = reaction time in 
milliseconds). Dots in red are the bivariate outliers. 
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Our results thus suggest that the compatibility effects across these tasks were 

largely unrelated, and participants with greater interference in one task did not 

experience a greater interference in the other task.  

 

Multiple regression analyses. 

We also investigated the relationship between stable personality measures and 

the general compatibility effect as measured on the SRC task. Tests for multicollinearity 

indicated that a very low level of multicollinearity was present (VIF for all predictor 

variables < 2). The base model explained 33.6 % of the variance in the congruency effect 

(F(3,171)=28.88, p<.001, R2=.34, f2=0.51) and indicated a medium effect size (Cohen, 

1992). Mean RT predicted the compatibility effect, with increasing CE as mean RT 

increases (B=0.27, SEB=0.03, t(171)=8.02, p<.001, 95% CI [0.20; 0.34]). In addition to 

mean RT, sex marginally predicted the compatibility effect (B=5.40, SEB=2.88, 

t(171)=1.87, p=.06, [-0.29; 11.10]) with a higher compatibility effect for females than 

males. The mean RT * sex interaction was also a significant predictor (B=0.10, SEB=0.03, 

t(171)=3.01, p=.003, [0.03; 0.17]), suggesting that increases in mean RT predicted larger 

increases in the compatibility effect for females (B=0.37, SEB=0.04, t(171)=8.43, p=.001)  

compared to males (B=0.17, SEB=0.05, t(171)=3.32, p=.001). Results from the base 

model are very similar to the results of prior work using a same SRC task and analytical 

approach (Butler et al., 2015). 

Agreeableness, extraversion, grandiose and vulnerability narcissism, empathy, 

autistic-like and schizotypal trials, and alexithymia did not predict the general 

compatibility effect above and beyond the base model (all p’s > .11, all CIs overlapping 

with zero; see Figure 7). Effect sizes attributable to the addition of the personality 

variables (beyond the base model) indicated very small effects (Cohen’s f2 for all models 

<0.01; Cohen, 1992). The multiple regression models are summarized in Supplementary 

Table 3.  Zero-order correlations are also consistent with the findings from the multiple 

regression analyses, such that there are no relationships between stable personality 

measures and CE (see Supplementary Table 4, Supplementary Figure 2).  
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Figure 7. Experiment 1 – Multiple Regression Analyses. Values of standardised 
coefficients are plotted for each predictor variable (personality trait) along with their 
corresponding uncertainties (95% confidence interval width for a normal distribution 
for each estimate). Coefficients are standardised by dividing by two standard deviation 
units according to Gelman (2008). The base model consists in the bottom three predictor 
variables (depicted in violet) – mean RT, Sex, and meanRT*Sex. Abbreviations: RT = 
Reaction Time. 
 

To evaluate the sex*trait interaction terms, we computed additional models – each 

model consisted of the base model, one trait predictor, and the sex*trait interaction term. 

For alexithymia, when the sex*trait term was included in the model, the model explained 

34.9% of the variance. The sex*alexithymia interaction term marginally predicted the 

compatibility effect (B=0.48, SEB=0.27, t(169)=-1.71, p=0.09, 95% CI [-0.07, 1.03]), and 

explained an additional 1.3 % of the variance (∆R2= .013, F(5,169)=18.09,p<.001). A 

decrease in alexithymia marginally predicted an increase in the compatibility effect only 

for males (B=-0.80, SEB=0.47, t(169)=-1.72, p=0.09) and not for females (B=0.15, 

SEB=0.30, t(169)=0.49, p=0.62; see Figure 8A). The effect size attributable to the addition 

of alexithymia and the sex*trait interaction term was very small (Cohen’s f2 = 0.02).  
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Figure 8. Sex by trait interactions for Experiments 1, 2, 3. Sex by trait interactions for 
alexithymia, perspective taking, and empathy personality traits for Experiments 1 (A), 2 
(B), and 3 (C). X axis denotes the imitative compatibility effect in milliseconds, and Y axis 
denotes mean centred scores on the personality traits.  
 

For empathy, when the sex*trait term was included in the model, the model 

explained 36.9% of the variance. Both sex*empathic concern (B=1.62, SEB=0.74, 

t(167)=2.17, p=0.03, 95% CI [0.15, 3.10]) and sex*perspective taking (B=-1.91, SEB=0.81, 

t(167)=-2.34, p=0.02, 95% CI [-3.52, -0.30]) predicted the compatibility effect above and 

beyond the base model and explained an additional 3.3 % of the variance (∆R2= .03, 

F(7,167)=13. 95, p<.001). An increase in empathic concern marginally predicted a 
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decrease in the compatibility effect for males (B=-2.24, SEB=1.23, t(167)=-1.82, p=.07) 

whereas in females, there was a trend for an increase in empathic concern predicting an 

increase in the compatibility effect (B=1.01, SEB=0.85, t(169)=1.19, p=.24). An increase 

in perspective taking predicted a decrease in the compatibility effect in females (B=-1.90, 

SEB=0.85, t(167)=-2.24, p=.026). In males, there was a trend for an increase in 

perspective taking predicting an increase in the compatibility effect (B=1.92, SEB=1.39, 

t(167)=1.38, p=0.169; see Figure 8A). The effect size attributable to the addition of 

empathy and the sex*trait interaction term was small (Cohen’s f2 = 0.05). None of the 

other sex*trait interaction terms predicted the compatibility effect above and beyond the 

base model (Cohen’s f2 for all models <0.02, Supplementary Figure 3, Supplementary 

Table 5).  

 

Discussion 

The results demonstrate a sex difference in the general compatibility effect on 

the imitation task such that females showed a higher general compatibility effect than 

males, thus replicating the direction of results found previously (Butler et al., 2015; 

Genschow et al., 2017). The sex difference observed on the imitation task was not seen to 

the same degree on the flanker task. Moreover, flanker and general compatibility effects 

were largely unrelated to each other. At first glance, therefore, this suggests that the sex 

difference may be tied to a form of cognitive control that is not shared between the two 

tasks, such as social (imitative) control. 

Before we can make firm conclusions regarding the type of cognitive structure 

supporting the sex difference, however, we first consider some limitations of these 

results. First, the general compatibility effect is a sum of both spatial and imitative 

features. Participants respond with their right hand to a number cue – they are asked to 

lift their index or middle finger (for ‘1’ or ‘2’ respectively) while simultaneously observing 

a left hand making either the same or different finger movements. However, in this task, 

the observed and executed movements are not just imitatively compatible or 

incompatible, but also on the same or different side of space i.e. spatially compatible or 

incompatible. Thus, the task measures a general compatibility effect i.e. it does not 

measure the control of automatic imitation or the imitative compatibility effect 

independent of spatial compatibility effects (Catmur & Heyes, 2011). Therefore, the sex 

difference may reflect a difference in spatial compatibility with respect to a finger 

location in space, as opposed to specifically in imitation control.  
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A second limitation to these initial conclusions is that the flanker task used in the 

current experiment employed fewer trials than those used in previous studies where a 

sex difference was found (e.g. Clayson et al., 2011; Stoet, 2011). Therefore, a lack of sex 

difference might reflect a lack of precision in measuring the effect. This might also explain 

why we did not find a main effect of compatibility on the accuracy data in the flanker task. 

Thus, although the current experiment employed a larger sample size than previous 

studies using the flanker task, we are still cautious to interpret the lack of evidence for 

the sex difference in the first experiment.  

Further, in the current experiment, we did not find any effect of the type of 

emotional expression on automatic imitation. These findings add to previous research 

that shows mixed evidence for a link between the emotional expression of the interacting 

partner and the tendency to automatically imitate (Crescentini et al., 2011; Grerucci et 

al., 2013; Rauchbauer et al., 2015). Finally, if we turn to consider the effects of stable 

personality measures, a clear picture begins to emerge. Even in a more socially 

meaningful context where emotional expressions are signalled, we further support the 

claim that imitative control in general (across the entire group of participants), shows a 

general invariance to stable dimensions of personality like narcissism, agreeableness, 

extraversion, autistic-like and schizotypal traits (Butler et al., 2015; Cracco et al., 2018b). 

Of course, it is possible that the emotional expressions failed to add to the social context 

of the task – the face image signalling the emotional expression was presented 

simultaneous to the hand image, however they were two separate images. Further, it has 

been recently suggested that individuals cannot readily infer a person’s emotional state 

from their facial movements or expressions (Barrett et al., 2019). It is possible, therefore, 

that participants ignored the face image, did not think of the hand as connected to the 

face image, and did not infer the emotional state of the stimuli. Even if this were true, 

however, we add a further large dataset to the prior work (Butler et al., 2015; Cracco et 

al., 2018b), which all show that personality variables have little relationship to 

performance on the imitation task in general. We suggest, therefore, that studies 

purporting alternative patterns of relationship between imitation and personality 

measures in general across the population (Chartrand & Bargh, 1999; Hogeveen & Obhi, 

2013; Obhi et al., 2013) perform powerful replications to enable a cumulative science to 

develop (Munafo et al., 2017; Zwaan et al., 2018).  

Although there were no clear main effects of personality across the entire group, 

there was some suggestive evidence that the effect of personality on imitation differed by 
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sex. Given prior evidence linking automatic imitation and alexithymia, we expected that 

an increase in automatic imitation would be predicted by a decrease in alexithymia 

(Sowden et al., 2016). In the current experiment, this was true only for males, and not for 

females. We further predicted that an increase in empathic concern and perspective 

taking would predict an increase in automatic imitation (Chartrand & Bargh, 1999). 

However, the current findings suggest that a decrease in empathic concern predicts the 

compatibility effect in males, but not females, and a decrease in perspective taking 

predicts the compatibility effect in females, but not males. It has been suggested that 

males score higher on measures of alexithymia as compared to females (Levant et al., 

2009), and females score higher on empathic concern and perspective taking as 

compared to males (Christov-Moore et al., 2014; Van der Graaff et al., 2013). We had no 

a priori hypotheses however as to whether females and males would show a link between 

personality and imitation in different directions. In addition, these sex*trait interactions 

were small effects and contributed to only an additional 1.3% (alexithymia) and 3.3 % 

(empathy) of the model. Thus, before making any firm conclusions, these results require 

replication in order to confirm that they do not reflect false positives as a result of 

sampling error.  

Overall, however, these initial results from Experiment 1 demonstrate that 

cognitive control systems may operate differently on some (sex) but not other 

(personality) stable dimensions of individuals.  

 

Experiment 2 

Introduction 

In the second experiment, we extend findings from Experiment 1 and address its 

limitations by making the following changes. First, in the automatic imitation task, stimuli 

were displayed orthogonal to the response hand in order to minimise the effect of spatial 

compatibility. Thus, instead of the general compatibility effect, we now investigate the 

sex difference on the orthogonal compatibility effect. The orthogonal compatibility effect 

allows us the measure automatic imitation dissociated from right-left spatial 

compatibility effects, thus allowing for a more precise measure of the imitative effect. 

Second, we again compare between males and females on the flanker task but increase 

the number of trials such that both the imitation and flanker tasks are equal. Similar to 

Experiment 1, we performed a correlational analysis to see whether flanker and 

orthogonal compatibility effects were related to each other or not.  
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In Experiment 1, three sex*trait interactions, which covered empathic concern, 

perspective taking, and alexithymia, predicted the general compatibility effect. Thus, in 

order to further confirm these findings, we included empathy (empathic concern and 

perspective taking) and alexithymia measures in Experiment 2 to investigate whether 

these traits modulated the orthogonal compatibility effect.  

 

 

Method 

Participants. 

Two hundred and thirty-eight participants took part in this experiment for 

monetary compensation (£6) or course credit. All participants provided informed 

consent and had normal or corrected-to-normal vision. Approval was obtained from the 

Research Ethics and Governance Committee of the School of Psychology at Bangor 

University. One participant was excluded because data on only half the trials was 

recorded on the flanker task.  

Participants were excluded if performance was three standard deviations away 

from the group mean average performance per condition in terms of accuracy or reaction 

time (N=15 for the imitation task, N=21 for the flanker task). For the imitation task, the 

final sample included 223 participants (107 males, Meanage = 20.0, SDage = 4.33; Meanage 

and SDage are based on 203 participants as some participants did not enter their age in 

the demographic questionnaire). For the flanker task, the final sample included 217 

participants (101 males, Meanage = 20.7, SDage = 4.31; Meanage and SDage are based on 198 

participants). 

Stimuli, tasks, and procedure. 

Automatic imitation task. The automatic imitation task was similar to the one 

used in Experiment 1, with the following changes: one, no face image was presented 

during the task (Figure 1). Two, the hand stimuli were presented orthogonal to the 

response (Figure 1). Three, there were 360 trials in total, which comprised six blocks of 

60 trials, each of which included 30 compatible and 30 incompatible trials. 

Flanker task. The flanker task was the same as Experiment 1 with only one 

change – participants completed 360 trials in total, with 6 blocks of 60 trials each (30 

compatible and 30 incompatible trials; Figure 1). 

The order of the tasks was counterbalanced such that half the participants did the 

flanker task first, whereas the remaining half did the imitation task first.  
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Questionnaires. Participants also completed two self-report questionnaires 

which included the Interpersonal Reactivity Index (IRI; Davis, 1980), and the Toronto 

Alexithymia Scale (TAS-20; Bagby et al., 1994). For more details on the measures used, 

see the Supplementary Material.   

Data analysis. 

Accuracy and RT on the imitation and flanker tasks were recorded in the same 

way as Experiment 1 and only correct trials were used to calculate RT. Trials on which 

participants responded incorrectly, i.e. lifted the wrong finger, responded after 2000 ms, 

or before target onset (imitation = 5.59%; flanker = 5.97%) were all excluded from the 

analysis.  

Data were analysed in the same way as Experiment 1. For the imitation task, a 

Sex*Compatibility interaction showing a higher compatibility effect for females 

compared to males would indicate that the sex difference on the imitation task persists 

even when stimuli are presented orthogonally to the response. Alternatively, similarly 

sized compatibility effects between the sexes would suggest that reducing the spatial 

component of the task largely removes the sex difference.  

 

Results 

Automatic imitation task. 

Accuracy. Average accuracy for both males and females for both compatible and 

incompatible trials was over 92% (see Figure 9, Supplementary Table 6). The 2 

(compatibility: compatible, incompatible) x 2 (sex: male, female) mixed ANOVA (Figure 

9) showed a main effect of compatibility such that participants were more accurate on 

compatible trials than incompatible trials (F(1, 221) = 96.22, p<.001, 
𝑝
2  = 0.30). The 

effect size for the main effect of compatibility is conventionally considered to be large. 

There was no significant main effect of sex (F(1, 221) = 1.87, p = 0.17, 
𝑝
2  = 0.008) and no 

significant Compatibility*Sex interaction (F(1, 221) = 0.14, p = 0.71, 
𝑝
2  <0.001) and the 

effect sizes were close to zero (see Supplementary Table 7).  

Reaction time. Mean reaction times were between 435 and 485 milliseconds for 

both males and females on both compatible and incompatible trials (see Figure 10, 

Supplementary Table 6). The 2 (compatibility: compatible, incompatible) x 2 (sex: male, 

female) mixed ANOVA (Figure 10) showed a main effect of compatibility such that 

participants were slower to respond on incompatible trials than compatible trials (F(1, 
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221) = 293.18, p<.001, 
𝑝
2  = 0.56). The effect size for the main effect of compatibility is 

conventionally considered to be large. The main effect of sex was also significant such 

that females were generally slower than males, but this was a relatively small effect size 

(F(1, 221) = 4.23, p = 0.040, 
𝑝
2  = 0.02). There was a significant Compatibility*Sex 

interaction and the effect size is conventionally considered to be a small effect (F(1, 221) 

= 4.17, p = 0.042, 
𝑝
2  = 0.02; Supplementary Table 7). 

 

 
 
Figure 9. Experiment 2 – Imitation Task Accuracy. Accuracy is reported in percentage of 
correct responses. Error bars show 95% confidence intervals. Green and orange markers 
show individual data points for compatible and incompatible conditions for males and 
females.  

 

 

In order to interrogate our primary hypothesis regarding sex differences in the 

imitation task, we computed compatibility effects separately for males and females, and 

then compared them to each other. For both males and females, compatibility effects had 

a large effect size (Cohen’s dz > 1.0) and the lower bound of the 95% confidence interval 

was at least 0.82. When compatibility effects for males and females were directly 

compared to each other, we found a mean difference of 6.98 ms in the direction that was 
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predicted i.e. the compatibility effect for females was greater than the compatibility effect 

for males with the lower bound of the 95% confidence interval above zero (Mean 

Difference = 6.98 ms, 95% CI[1.34, ∞], Cohen’s d = 0.27, 95% CI[0.05, ∞]; Figure 10, Table 

1B). The effect size was a small-to-medium effect, with the lower bound of the 95% CI at 

0.05.  

 
 
Figure 10. Experiment 2 – Imitation Task Reaction Time. Reaction time is reported in 
milliseconds (ms). The upper panel shows mean reaction times for compatible and 
incompatible conditions for both males and females. The lower panel shows the 
compatibility effect for both males and females. The compatibility effect is calculated by 
subtracting reaction times on compatible trials from incompatible trials. Error bars 
represent 95% confidence intervals. Abbreviations: RTms = reaction time in 
milliseconds.  
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The absolute size of the difference between the sexes as measured in original units 

(i.e., ms) is smaller than Experiment 1, as the orthogonal compatibility effect is smaller 

than the general compatibility effect measured in Experiment 1. Indeed, when measured 

in original units, the compatibility effect in Experiment 2 is approximately half the size of 

Experiment 1 and the same is true for the sex difference in compatibility effect between 

the two experiments. However, the standardised effect size for the sex difference is nearly 

identical across the two experiments (Exp. 1 = 0.28; Exp. 2 = 0.27). Therefore, when 

measured in comparable units, which account for differences in absolute values, these 

results suggest that the sex difference measured is quite consistent across experiments. 

In sum, the orthogonal compatibility effect on the imitation task differed as a function of 

sex in the same manner and to a similar degree as Experiment 1, such that females had a 

greater orthogonal compatibility effect than males. 

Flanker task. 

Accuracy. Average accuracy was over 88% for both males and females on both 

compatible and incompatible trials (see Figure 11, Supplementary Table 6). A 2 

(compatibility: compatible, incompatible) x 2 (sex: male, female) mixed ANOVA (Figure 

11) showed a main effect of compatibility (F(1, 215) = 151.33, p<.001, 
𝑝
2  = 0.41). The 

main effect of compatibility showed that participants were more accurate on compatible 

trials compared to incompatible trials. The main effect of sex was also significant such 

that females showed a lower accuracy overall compared to males (F(1, 215) = 5.78, p = 

0.017, 
𝑝
2  = 0.03). The Compatibility*Sex interaction approached significance (F(1, 215) 

= 3.17, p = 0.076, 
𝑝
2  = 0.01) with the difference in accuracy between compatible and 

incompatible trials being greater for females compared to males. The effect sizes for both 

the main effect of sex, and the interaction were relatively small (see Supplementary Table 

7).  

Reaction time. Mean reaction times for both males and females for both 

compatible and incompatible conditions was between 400 and 500 milliseconds (see 

Figure 12, Supplementary Table 6). A 2 (compatibility: compatible, incompatible) x 2 

(sex: male, female) mixed ANOVA (Figure 12) showed a main effect of compatibility such 

that participants were slower to respond on incompatible trials than compatible trials 

(F(1, 215) = 1986.89, p<.001, 
𝑝
2= 0.90). The effect size for the main effect of compatibility 

is conventionally considered to be large. There was no significant main effect of sex and 
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the effect size was zero (F(1, 215) = 0.03, p = 0.854, 
𝑝
2  < 0.001). There was no significant 

Compatibility*Sex interaction (F(1, 215) = 0.05, p = 0.816, 
𝑝
2  < 0.001) and the effect size 

was close to zero (see Supplementary Table 7).  

 

 
 
Figure 11. Experiment 2 – Flanker Task Accuracy. Accuracy is reported in percentage of 
correct responses. Error bars show 95% confidence intervals. Green and orange markers 
show individual data points for compatible and incompatible conditions for males and 
females.  
 

To explore sex differences in the flanker task further, compatibility effects were 

computed separately for males and females, and then compared to each other. For both 

males and females, compatibility effects had a large effect size (Cohen’s dz > 2.9) with the 

lower bound of the 95% confidence interval at least 2.62. When compatibility effects for 

males and females were directly compared to each other, females showed a higher 

compatibility effect than males, but the effect size was very small, with the lower bound 

of the 95% confidence interval reaching -6.01ms (Mean Difference = 0.98 ms, 95% CI[-

6.01, ∞], Cohen’s d = 0.03, 95%CI[-0.19, ∞]; Figure 12, Table 1B). The effect size was close 

to zero with the lower bound of the confidence interval at -0.19 (below zero). A Bayesian 

independent samples t-test showed that the null was 6 to 7 times more likely than the 

alternative hypothesis (BF01 = 6.58). Thus, although both males and females separately 
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showed a compatibility effect, there was a negligible difference between males and 

females on the flanker compatibility effect.  

 
 
Figure 12. Experiment 2 – Flanker Task Reaction Time. Reaction time is reported in 
milliseconds (ms). The upper panel shows mean reaction times for compatible and 
incompatible conditions for both males and females. The lower panel shows the 
compatibility effect for both males and females. The compatibility effect is calculated by 
subtracting reaction times on compatible trials from incompatible trials. Error bars 
represent 95% confidence intervals. Abbreviations: RTms = reaction time in 
milliseconds.  
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Correlational analysis. 

In order to investigate whether the flanker and imitation compatibility effects 

were correlated, a one-tailed skipped correlation was performed. For the correlational 

analysis, only those participants who performed both the tasks were included in the 

analysis (N=205). As in Experiment 1, we also performed a more robust correlation 

analysis. The data was not normally distributed, but was homoscedastic. Thus, we 

performed a skipped Spearman correlation analysis on 191 participants as 14 bivariate 

outliers were detected. Results indicated that flanker and imitation compatibility effects 

showed a weak positive correlation that did not pass our statistical threshold (Spearman 

r(191)=0.07, 95% CI [-0.07, ∞]; Figure 13). Our findings thus suggest that flanker and 

imitative compatibility effects are largely unrelated, and interference on one task did not 

predict interference on the other.  

 
 
Figure 13. Experiment 2 - Correlation Analysis. A skipped Spearman correlation shows a 
small positive correlation between the flanker and imitative compatibility effects that 
does not pass our statistical thresholding. Abbreviations: RTms (reaction time in 
milliseconds). Dots in red are the bivariate outliers. 
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Multiple regression analyses. 

We also investigated the relationship between personality variables (empathy 

and alexithymia) and the orthogonal compatibility effect as measured on the SRC task. 

Tests for multicollinearity indicated that a very low level of multicollinearity was present 

(VIF for all predictor variables < 2). The base model (which included mean RT, sex, and 

the mean RT*Sex interaction) explained 16.2% of the variance in the congruency effect 

(F(3,204)=13.13, p<.001, R2=.16, f2 = 0.19) and indicated a medium effect. Mean RT 

predicted the orthogonal compatibility effect (B=0.19, SEB=0.03, t(204)=5.36, p<.001, 

[0.12; 0.26]) with increasing CE as mean RT increased. Sex did not predict the orthogonal 

compatibility effect (B=2.14, SEB=1.67, t(204)=1.27,p=.21, [-1.19; 5.47]). The mean RT * 

sex interaction was a marginally significant predictor (B=0.07, SEB=0.03, 

t(204)=1.90,p=.06, [-0.002; 0.13]), suggesting that increases in mean RT predicted larger 

increases in the compatibility effect for females (B=0.25, SEB=0.05, t(204)=5.45, p<.001) 

compared to males (B=0.12, SEB=0.05, t(204)=2.33, p<.001).  

Alexithymia and empathy (empathic concern and perspective taking) did not 

predict the orthogonal compatibility effect above and beyond the base model (all ps>0.3, 

all CIs overlapping with zero; see Figure 14). Effect sizes attributable to the addition of 

the personality variables (beyond the base model) indicated extremely small effects 

(Cohen’s f2 = <.001 for alexithymia and Cohen’s f2 = .005 for empathy). The multiple 

regression models are summarized in Supplementary Table 8.  Zero-order correlations 

are also consistent with the findings from the multiple regression analyses (see 

Supplementary Table 9, Supplementary Figure 4). 

To evaluate the sex*trait interaction terms, we computed additional models – each 

model consisted of the base model, one trait predictor, and the sex*trait interaction term. 

None of the sex*trait interaction terms predicted the orthogonal compatibility effect 

above and beyond the base model (all ps>0.3, all CIs overlapping with zero; Figure 8B, 

Supplementary Figure 5). Effect sizes attributable to the addition of the sex*trait 

interaction terms (beyond the base model) indicated extremely small effects (Cohen’s f2 

= 0.01 for both alexithymia and empathy). The multiple regression models are 

summarized in Supplementary Table 10.   
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Figure 14. Experiment 2 – Multiple Regression Analyses. Values of standardised 
coefficients are plotted for each predictor variable (personality trait) along with their 
corresponding uncertainties (95% confidence interval width for a normal distribution 
for each estimate). Coefficients are standardised by dividing by two standard deviation 
units according to Gelman (2008). The base model consists in the bottom three predictor 
variables (depicted in violet) – mean RT, Sex, and meanRT*Sex. Abbreviations: RT = 
Reaction Time.  

 

Discussion 

As in Experiment 1, results indicated a clear sex difference in the orthogonal 

compatibility effect such that females showed a higher orthogonal compatibility effect 

compared to males on the automatic imitation task. The sex difference persisted on the 

imitation task in spite of presenting stimuli orthogonal to the response. However, this sex 

difference on the RT compatibility effect was not found on the flanker task even after 

increasing the number of trials. Further, the correlational analysis suggested that flanker 

and orthogonal compatibility effects were only marginally correlated with each other and 

explained only 0.8% of the variance. Thus, greater interference on one task is able to 

predict only a very small amount of interference on the other task.  

Thus, across Experiments 1 and 2, we show a lack of consistent evidence for a 

sex difference in the flanker task. However, the interpretation of the sex difference on the 

imitation task still has two potential limitations. One, while the presentation of 
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orthogonal stimuli reduces spatial compatibility effects on the left-right axis, they do not 

rule out the possibility of orthogonal spatial compatibility effects i.e. the propensity of 

participants to show an advantage for an up-right and down-left pairing (Cho & Proctor, 

2003; Weeks & Proctor, 1999; Weeks, Proctor, & Beyak, 1994). For instance, when stimuli 

were presented orthogonal to the response hand (see Figure 1), the index finger was 

always below the middle finger, and the participant’s index finger was to the left side of 

space. Thus, a preference for responding to “up” stimuli with a right response and “down” 

stimuli with a left response may be observed along with imitative effects on the automatic 

imitation task used in the current experiment. The sex difference may therefore reflect a 

difference in orthogonal spatial effects as opposed to purely imitative effects.  

Two, the stimuli used in both Experiments 1 and 2 were those of a female model. 

We did not manipulate the sex of the stimulus, and therefore, the sex difference can either 

reflect a genuine difference between males and females, or an in-group bias. A difference 

between male and female participants (irrespective of the sex of the stimulus) would 

reflect distinct (or partially distinct) cognitive mechanisms underlying imitative or 

spatial control as a function of sex. On the contrary, an in-group bias or own-sex bias 

would suggest that sex differences as evidenced previously on the automatic imitation 

task (Butler et al., 2015; Genschow et al., 2017) do not actually reflect a sex difference - 

females show a higher compatibility effect because they favour members of the in-group 

i.e. of their own sex compared to members of the out-group i.e. of the opposite sex 

(Brown, 1995; Gleibs et al., 2016; Rauchbauer et al., 2015; Rudman & Goodwin, 2004).  

Finally, in terms of personality measures, empathy and alexithymia (and 

sex*trait interactions) did not modulate the orthogonal compatibility effect. Although we 

found suggestive evidence in Experiment 1 for a small link between personality traits 

(alexithymia and empathy) and imitation that differed between the sexes, the current 

experiment did not replicate these findings. Therefore, overall, these results provide 

limited support for a link between personality traits and automatic imitation and confirm 

and replicate findings from previous large sample studies (Butler et al., 2015; Cracco et 

al., 2018) that suggest automatic imitation is largely invariant to stable traits of 

personality.  
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Experiment 3 

Introduction 

Experiment 3 addressed two remaining issues. First, we measured the imitative 

compatibility effect independently from the spatial compatibility effect, in order to 

estimate whether the sex difference reflects a spatial or more specialised (social) aspect 

of cognitive control. Second, we assessed the extent to which the sex difference reflects a 

basic difference between males and females and/or an in-group bias based on sex.  

To separate imitative and spatial components of the task, we used a modified 

version of the SRC task of automatic imitation that allowed us to manipulate imitative and 

spatial effects separately (Bertenthal et al., 2006; Boyer et al., 2012; Catmur & Heyes, 

2011). A sex difference on spatial compatibility alone would indicate that the sex 

difference observed in Experiments 1 and 2 can be explained by differences associated 

with processing spatial information. Alternatively, a sex difference on imitative 

compatibility alone, would suggest that a greater compatibility effect for females reflects 

a difference in the control of automatic imitation specifically.  

To compare a sex difference account with an in-group bias account of our 

findings so far, we manipulated the sex of the stimuli used in the SRC task and again tested 

male and female participants. A greater compatibility effect for females for female stimuli 

compared to male stimuli would indicate that an own-sex bias contributes to the sex 

difference observed on the automatic imitation task. Alternatively, a sex difference on the 

task and relative invariance to the sex of the stimuli would suggest that there is a basic 

control mechanism that differs between males and females that seems resistant to 

possible contextual factors, such as group biases. 

In order to investigate whether personality variables influence automatic 

imitation, in Experiment 3, we included all personality variables included in Experiment 

1 (alexithymia, empathy, autistic-like and schizotypal traits, narcissism, extraversion, and 

agreeableness). In Experiment 1 and 2, the compatibility effect measured on the imitation 

task was a composite of spatial and imitative effects. Therefore, the invariance of the 

compatibility effect may be related to spatial effects as opposed to imitative effects. 

Therefore, we included all the personality measures in order to investigate whether 

imitative compatibility when measured independently of spatial effects is also invariant 

to stable personality traits.  
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Method 

Participants. 

Two hundred and one participants took part in this experiment for monetary 

compensation (£6) or course credit. All participants provided informed consent and had 

normal or corrected-to-normal vision. Approval was obtained from the Research Ethics 

and Governance Committee of the School of Psychology at Bangor University. 

Participants were excluded if performance was 3 standard deviations away from the 

group mean average performance per condition in terms of accuracy or reaction time on 

the imitation task (N = 12). The final sample included 189 participants (97 males, Meanage 

=21.4, SDage = 4.08, age range = 18 to 42) (Meanage and SDage are based on 182 participants 

as 7 participants did not enter their age in the demographics questionnaire).   

Stimuli, tasks, and procedure. 

Automatic imitation task. The automatic imitation task was similar to the one 

used in Experiment 2, with the following changes: one, stimuli were not presented 

orthogonally to the response. Two, we calculated an imitative compatibility effect 

independent of the spatial compatibility effect (Catmur & Heyes, 2011). For this, both left- 

and right-hand images were used as stimuli, but participants always responded with 

their right hand. This resulted in eight trial types and four conditions of interest (Figure 

1): 

1. imitatively and spatially compatible (for example, when participants are 

cued to lift their index finger, and watch an index finger lift of the left hand, the observed 

finger movement is both spatially and imitatively compatible to the executed movement), 

2. imitatively and spatially incompatible (for example, when participants are 

cued to lift their index finger, and watch a middle finger lift of the left hand, the observed 

finger movement is both spatially and imitatively incompatible to the executed 

movement), 

3. imitatively compatible and spatially incompatible (for example, when 

participants are cued to lift their middle finger, and watch a middle finger lift of the right 

hand, the observed finger movement is imitatively compatible, but spatially incompatible 

to the executed movement), 

4. imitatively incompatible and spatially compatible (for example, when 

participants are cued to lift their middle finger, and watch an index finger lift of the right 

hand, the observed finger movement is imitatively incompatible, but spatially compatible 

to the executed movement). 
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Thus, participants performed the same (imitatively compatible) or different 

(imitatively incompatible) movement on the same (spatially compatible) or different 

(spatially incompatible) side of space.  

A third change in comparison to Experiment 2, is that in order to investigate 

whether the sex difference was due to an own-sex bias, the hand stimuli presented 

included 4 female and 4 male hands. The hand stimuli were chosen based on a pilot study. 

In the pilot study (see Supplementary Material), eighteen hand stimuli were rated by 51 

participants on a scale of 1 to 9 with one being most masculine, 5 being neutral, and 9 

being most feminine. Four hand stimuli rated as most masculine, and four hand stimuli 

rated as most feminine were chosen for the current experiment. There were 360 total 

trials, with 90 trials per condition. Timing information and pseudo-randomisation was 

the same as in Experiment 1 and 2.  

Questionnaires. Participants also completed a range of self-report questionnaires 

which included the Mini International Personality Item Pool (mini IPIP; Donnellan et al., 

2005; the Short Autism Spectrum Quotient (AQ-10 Adult; Baron-Cohen et al., 2001), the 

Brief Schizotypal Personality Questionnaire (SPQ-B; Raine & Benishay, 2005), the 

Narcissistic Personality Inventory (NPI-16; Ames et al., 2006), the Hypersensitivity 

Narcissism Scale (HSNS; Hendin & Cheek, 1997), the Interpersonal Reactivity Index (IRI; 

Davis, 1980), and the Toronto Alexithymia Scale (TAS-20; Bagby et al., 1994). For more 

details on the measures used, see the Supplementary Material.  In order to confirm that 

participants perceived male and female stimuli differently, participants also rated the 

hand stimuli used in the experiment after they completed the task. Participants were 

asked to rate the stimuli on a scale of 1 to 9, with 1 being extremely masculine and 9 being 

extremely feminine.  

Data analysis. 

Accuracy and RT on the imitation task were recorded in the same way as 

Experiment 1 and 2 and only correct trials were used to calculate RT. Trials on which 

participants responded incorrectly, i.e. lifted the wrong finger, responded after 2000 ms, 

or before target onset (7.41 %) were all excluded from the analysis. As the primary aim 

was to investigate the sex difference and own-sex bias in imitative and spatial 

compatibility (and not compare between the two), we performed analyses separately on 

the spatial and imitative compatibility effects. For each compatibility effect separately, 

we performed a 2 (compatibility: incompatible, compatible) x 2 (stimulus sex: male hand, 

female hand) x 2 (participant sex: male, female) mixed ANOVA on the RT and accuracy 
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data. Based on prior research (Catmur & Heyes, 2011; Gowen et al., 2016; Marsh et al., 

2016; Darda et al., 2018), we expected a main effect of spatial and imitative compatibility 

such that RT would be higher, and accuracy would be lower on spatially incompatible 

trials compared to spatially compatible trials, and on imitatively incompatible trials 

compared to imitatively compatible trials.  

In addition, a Sex*Compatibility interaction for spatial compatibility (such that 

females show a higher spatial compatibility effect that males) would be expected if the 

sex difference observed in Experiments 1 and 2 was largely driven by the spatial 

component of the task. In contrast, a Sex*Compatibility interaction for imitative 

compatibility (such that females show a higher imitative compatibility effect than males) 

would suggest that the sex difference is largely a reflection of the imitative component of 

the task.  

Alternatively, if the sex difference in the spatial or imitative compatibility effect is 

because of an own-sex bias, we would expect a three-way interaction 

(Sex*Compatibility*Stimulus Sex) such that females would be more interfered by a 

female stimulus, and males would be more interfered by a male stimulus i.e. females 

would show a higher compatibility effect than males for female stimuli compared to male 

stimuli.   

As in Experiment 1, the interaction effect was central to testing our primary 

hypotheses, and thus, we calculated compatibility effects for male and female hand 

stimuli separately and independently for both male and female participants. To do so, we 

computed the mean difference and 95% confidence intervals between compatible and 

incompatible conditions across the levels of stimulus sex and participant sex. Spatial 

compatibility was calculated as RT on spatially incompatible trials minus RT on spatially 

compatible trials. Imitative compatibility was calculated as RT on imitatively 

incompatible trials minus imitatively compatible trials. In order to directly estimate the 

size of the difference in spatial and imitative compatibility effects between males and 

females, we then again computed the mean differences between the sexes and 95% 

confidence intervals. We used one-tailed 95% confidence intervals as we had a 

directional hypothesis that females would have a higher spatial or imitative compatibility 

effect than males. For the secondary analyses, multiple regression analyses were 

performed in the same way as Experiments 1 and 2 in order to investigate whether 

personality variables and sub-clinical traits modulate automatic imitation when 

measured independent of spatial effects.  
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Results 

Spatial compatibility. 

Accuracy. Average accuracy was over 92% for both males and females for all 

conditions of compatibility and stimulus sex (see Figure 15, Supplementary Table 11). A 

2 (compatibility: incompatible, compatible) x 2 (stimulus sex: male hand, female hand) x 

2 (participant sex: male, female) mixed ANOVA showed a main effect of compatibility  

such that participants were more accurate on compatible trials than incompatible trials 

(F(1,187) = 563.35, p<.001, 
𝑝
2  = 0.75; Figure 15). The effect size of the main effect of 

compatibility was large. There was a main effect of stimulus sex such that participants 

were more accurate when observing male hand stimuli as compared to female hand 

stimuli (F(1,187) = 335.47, p<.001, 
𝑝
2  = 0.64). There was a significant 

Compatibility*Stimulus Sex interaction such that the difference in accuracy between 

incompatible and compatible trials was overall bigger for female stimuli compared to 

male stimuli ((F(1,187) =202.31, p<.001, 
𝑝
2  = 0.52), Figure 15). All other main effects and 

interactions were not significant and effect sizes were relatively small (see 

Supplementary Table 12).  

Figure 15. Experiment 3 – Spatial Compatibility Accuracy. Accuracy is reported in percentage of 
correct responses. Error bars show 95% confidence intervals. Green and orange markers show 
individual data points for compatible and incompatible conditions for males and females when 
responding to both male and female hand stimuli.  
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Reaction time. Mean reaction times for both males and females on all conditions 

of compatibility and stimulus sex were between 415 to 475 milliseconds (see Figure 16, 

Supplementary Table 11). A 2 (compatibility: incompatible, compatible) x 2 (stimulus 

sex: male hand, female hand) x 2 (participant sex: male, female) mixed ANOVA (Figure 

16) showed a main effect of compatibility such that participants were slower to respond 

on spatially incompatible trials compared to spatially compatible (F(1,187) = 459.71, 

p<.001, 
𝑝
2  = 0.71). The effect size of the main effect of compatibility was large. There was 

a main effect of stimulus sex, which had a medium effect size, and suggested that overall 

participants responded slower to female hand stimuli than male hand stimuli (F(1,187) 

= 5.63, p = 0.019, 
𝑝
2  = 0.03). There was a significant Sex*Compatibility interaction and 

the effect size was a small-to-medium effect (F(1,187) = 4.24, p = 0.041, 
𝑝
2  = 0.02). To 

interrogate the sex difference in spatial compatibility, we computed the difference in 

compatibility effects between males and females, collapsed across all conditions of 

stimulus sex. Females showed a higher compatibility effect than males by 6.53 ms, and 

the lower bound of the 95% CI was over zero at 2.02ms (Mean difference = 6.53ms, 95% 

CI [2.02, ∞], Cohen’s d = 0.24, 95% CI [0.07, ∞]; Figure 19A, Table 1C). The effect size was 

a small-to-medium effect, and the lower bound of the 95% CI was above zero at 0.07.  

The three-way (Compatibility*Stimulus Sex*Sex) interaction was not significant 

(F(1,187) =  1.77, p=0.185, 
𝑝
2  = 0.01). However, there was a trend for females showing a 

higher compatibility effect for female hand stimuli compared to male hand stimuli, and 

males showing a higher compatibility effect for male hand stimuli compared to female 

hand stimuli, although the effect size was close to zero (Figure 16). No other main effects 

or interactions were significant (see Supplementary Table 12). In order to investigate 

whether an in-group bias explains the sex difference in spatial compatibility, we 

computed compatibility effects on all levels of participant sex and stimulus sex. For both 

males and females, spatial compatibility effects were present when observing both male 

(Cohen’s dz > 1.25) as well as female stimuli (Cohen’s dz > 1.10). There was a trend for 

females showing a higher compatibility effect for female stimuli compared to male stimuli 

(Mean difference = 2.74 ms, 95% CI [-2.40, ∞], Cohen’s dz = 0.09, 95% CI[-0.08, ∞]), and 

for males showing a higher compatibility effect for male stimuli compared to female 

stimuli (Mean difference = 3.19, 95% CI [-2.12, ∞], Cohen’s dz = 0.10; 95% CI[-0.07, ∞]), 

but these were relatively small effect sizes (see Figure 16).  
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Figure 16. Experiment 3 – Spatial Compatibility Reaction Time. Reaction time is reported in milliseconds (ms). The upper panel shows 
mean reaction times for compatible and incompatible conditions for both males and females, when responding to both male and female 
hand stimuli. The lower panel shows the compatibility effect for both males and females when responding to both male and female hand 
stimuli. The compatibility effect is calculated by subtracting reaction times on compatible trials from incompatible trials. Error bars 
represent 95% confidence intervals. Abbreviations: RTms = reaction time in milliseconds, MH=male hand stimuli, FH=female hand stimuli.  
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Imitative compatibility. 

Accuracy. Average accuracy for both males and females for all conditions of 

stimulus sex and compatibility was above 87% (see Figure 17, Supplementary Table 11). 

A 2 (compatibility: incompatible, compatible) x 2 (stimulus sex: male hand, female hand) 

x 2 (participant sex: male, female) mixed ANOVA (Figure 17) showed a main effect of 

compatibility (F(1,187) = 205.65, p<.001, 
𝑝
2  = 0.52) such that participants were more 

accurate on compatible trials than incompatible trials. The effect size of the main effect 

of compatibility was large. There was a main effect of stimulus sex (F(1,187) = 335.47, 

p<.001, 
𝑝
2  = 0.64) such that participants were more accurate when observing male hand 

stimuli as compared to female hand stimuli. There was a significant 

Compatibility*Stimulus Sex interaction (F(1,187) = 162.98, p<.001, 
𝑝
2  = 0.46) such that 

the difference in accuracy between compatible and incompatible trials was bigger for 

female stimuli compared to male stimuli (see Figure 17). All other main effects and 

interactions were relatively small or close to zero (see Supplementary Table 12). 

 

 
Figure 17. Experiment 3 – Imitative Compatibility Accuracy. Accuracy is reported in 
percentage of correct responses. Error bars show 95% confidence intervals. Green and 
orange markers show individual data points for compatible and incompatible conditions 
for males and females when responding to both male and female hand stimuli.  
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Figure 18. Experiment 3 – Imitative Compatibility Reaction Time. Reaction time is reported in milliseconds (ms). The upper panel shows 
mean reaction times for compatible and incompatible conditions for both males and females when responding to both male and female 
hand stimuli. The lower panel shows the compatibility effect for both males and females when responding to both male and female hand 
stimuli. The compatibility effect is calculated by subtracting reaction times on compatible trials from incompatible trials. Error bars 
represent 95% confidence intervals. Abbreviations: RTms = reaction time in milliseconds.  
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Reaction time. Mean reaction times were between 430 and 460 milliseconds for 

both males and females on all conditions of compatibility and stimulus sex (see Figure 

18, Supplementary Table 11). A 2 (compatibility: incompatible, compatible) x 2 (stimulus 

sex: male hand, female hand) x 2 (participant sex: male, female) mixed ANOVA showed a 

main effect of compatibility (F(1,187) = 54.96, p<.001, 
𝑝
2  = 0.23) such that participants 

were slower to respond on imitatively incompatible trials compared to imitatively 

compatible. The effect size of the main effect of compatibility was large. There was a main 

effect of stimulus sex which was a small-to-medium effect and suggested that participants 

responded slower to female hand stimuli than male hand stimuli (F(1,187) = 5.70, p = 

0.018, 
𝑝
2  = 0.03). 

There was no significant Sex*Compatibility interaction (F(1,187) = 0.41, p = 0.52, 


𝑝
2  = 0.002) and the effect size was close to zero. Given the importance to our primary 

research question regarding sex differences in the compatibility effect, we interrogated 

the RT data further by computing the difference in compatibility effects between males 

and females, collapsed across all conditions of stimulus sex. Although females showed a 

marginally higher compatibility effect than males by 1.33 ms, the lower bound of the 95% 

CI was below zero at -2.15 ms. The effect size was small with the lower bound of the 95% 

CI below zero at -0.10 (Mean difference = 1.33, 95% CI [-2.15, ∞], Cohen’s d = 0.06, 95 % 

CI[-0.10, ∞]; see Figure 19B, Table 1C).  

The three-way (Compatibility*Stimulus Sex*Participant Sex) interaction 

approached significance (F(1,187) =  3.86, p=0.051, 
𝑝
2  = 0.02) and was a relatively small 

effect. No other main effects or interactions were significant (see Figure 18, 

Supplementary Table 12).  

In order to investigate the three-way interaction and explore whether the sex 

difference can be explained by an in-group bias, we computed compatibility effects on all 

levels of participant sex and stimulus sex. For both males and females, imitative 

compatibility effects were present when observing both male (Cohen’s dz > 0.2) as well 

as female stimuli (Cohen’s dz > 0.3). However, there was not even a trend in the direction 

we predicted i.e. females did not show a higher compatibility effect for female stimuli 

compared to male stimuli (Cohen’s dz = -0.10), and for males showing a higher 

compatibility effect for male stimuli compared to female stimuli (Cohen’s dz = -0.18). On 

the contrary, the direction of the interaction was contrary to our hypothesis i.e. females 
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showed a higher compatibility effect for male stimuli compared to female stimuli, and 

males showed a higher compatibility effect for female stimuli compared to male stimuli, 

but these effects were small (see Figure 18). As such, not only are these effects relatively 

small, they are also inconsistent with the sex difference being a result of an ingroup bias 

based on the sex of the interaction partner.  

In sum, our results indicated a sex difference in spatial compatibility, but not 

imitative compatibility. An in-group bias/own-sex bias did not explain the sex difference 

found in the spatial compatibility effect.  

 
 
Figure 19. Experiment 3 – Overall Compatibility Effects. The upper panel (A) shows the 
spatial compatibility effect collapsed across sex of the stimulus for both males and 
females. The lower panel (B) shows the imitative compatibility effect collapsed across sex 
of the stimulus for both males and females. The compatibility effect is calculated by 
subtracting reaction times on compatible trials from incompatible trials and is measured 
in milliseconds. Error bars represent 95% confidence intervals. 
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Multiple regression analyses. 

We also investigated the relationship between stable personality measures and 

the imitative compatibility effect as measured on the SRC task independent of spatial 

effects. Tests for multicollinearity indicated that a very low level of multicollinearity was 

present (VIF for all predictor variables < 2). The base model (including sex, mean RT and 

the sex*mean RT interaction) explained 4.59 % of the variance in the imitative 

compatibility effect (F(3,181)=2.90, p=0.036, R2=.04, f2=0.05) indicating a small effect. 

Mean RT was a significant predictor (B=0.05, SEB=0.02, t(181)=2.79,p=.006, [0.01; 

0.09]), but both sex (B=0.23, SEB=1.04, t(181)=0.22,p=.82, [-1.82; 2.29]) and the 

sex*mean RT interaction (B=-0.003, SEB=0.02, t(181)=-0.21,p=.83, [-0.04; 0.03]) did not 

predict the imitative compatibility effect (see Figure 20).  

When the model included empathy, the model predicted 7.04 % of the variance. 

Empathic concern predicted the imitative compatibility effect above and beyond the base 

model (B=-0.51, SEB=0.24, t(179)=-2.08, p=.04, [-0.99; -0.03]), and explained an 

additional 2.45 % of the variance (∆R2= .02, F(5,179)=2.71, p=.022; Figure 21). A 

decrease in empathic concern predicted a higher imitative compatibility effect. When 

agreeableness and extraversion were included in the model, the model predicted 7.09% 

of the variance. Both agreeableness (B=-2.68, SEB=1.53, t(179)=-1.75,p=.081, [-5.67; 

0.33]) and extraversion (B=1.81, SEB=1.09, t(179)=1.67,p=.096, [-0.32; 3.96]) marginally 

predicted the imitative compatibility effect above and beyond the base model, predicting 

an additional 2.5% of the variance (∆R2= .02, F(5,179)=2.73, p=.021). Higher 

extraversion predicted higher imitative compatibility, whereas higher agreeableness 

predicted a lower imitative compatibility effect (see Figure 21). Effect sizes attributable 

to the addition of empathy (Cohen’s f2 = 0.03), and agreeableness and extraversion 

(Cohen’s f2 = 0.03) (beyond the base model) indicated very small effects.  

Grandiose and vulnerability narcissism, autistic-like and schizotypal trials, and 

alexithymia did not predict the imitative compatibility effect above and beyond the base 

model (all p’s > 0.3, all CIs overlapping with zero; see Figure 20). The multiple regression 

models are summarized in Supplementary Table 13.  Zero-order correlations are also 

consistent with the findings from the multiple regression analyses (see Supplementary 

Table 14, Supplementary Figure 6).  
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Figure 20. Experiment 3 – Multiple Regression Analyses. Values of standardised 
coefficients are plotted for each predictor variable (personality trait) along with their 
corresponding uncertainties (95% confidence interval width for a normal distribution 
for each estimate). Coefficients are standardised by dividing by two standard deviation 
units according to Gelman (2008). The base model consists in the bottom three predictor 
variables (depicted in violet) – mean RT, Sex, and meanRT*Sex. Abbreviations: RT = 
Reaction Time.  
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Figure 21. Experiment 3 – Scatterplots. Scatterplots depicting the relationship between imitative 
compatibility effect and personality traits – empathic concern (A), agreeableness (B), and extraversion 
(C). X axis denotes the imitative compatibility effect in milliseconds, and Y axis denotes mean centred 
scores on the personality traits.  
 

To evaluate the sex*trait interaction terms, we computed additional models – each 

model consisted of the base model, one trait predictor (subscales were included in the 

same model), and the sex*trait interaction term. None of the sex*trait interaction terms 

predicted the compatibility effect above and beyond the base model (Supplementary 

Figure 7). Multiple regression models are summarised in Supplementary Table 15. Effect 

sizes attributable to the addition of the sex*trait interaction terms (beyond the base 

model) indicated very small effects (Cohen’s f2 = <0.04 for all models). The pattern of 

results seen in Experiment 1 for the empathy*sex and alexithymia*sex models did not 

replicate in Experiment 3 (Figure 8C).  

Although our main question of interest was the link between personality traits and 

automatic imitation, for completeness, we also report results from the multiple 

regression analyses for spatial compatibility in the supplementary material (see 

Supplementary Tables 16 and 17, Supplementary Figures 8 and 9). 

Stimuli rating.  

All participants also rated the male and female hand stimuli on a scale of 1 to 9, 

with 1 being most masculine, and 9 being most feminine. All male hand stimuli were rated 

as masculine (Mean rating = 2.93, SD = 0.30). All female stimuli were rated as relatively 

feminine (Mean rating = 5.68, SD = 0.65). Although the female stimuli were not rated as 
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strongly feminine, the ratings suggest that both male and female stimuli were perceived 

differently on average by the participants. The stimuli rating data is also available online.  

Discussion 

Results from Experiment 3 clearly show that a sex difference exists on the spatial 

compatibility effect such that females show a higher spatial compatibility effect than 

males. This difference did not persist when imitative compatibility was measured 

independently. This suggests that females and males do not differ in the control of 

automatic imitation as measured by the imitative compatibility effect.  

Furthermore, for the first time to date, we manipulated the sex of the stimuli 

across both male and female participants. Results indicated that there was no own-sex 

bias in the imitative compatibility effect. For the spatial compatibility effect, although the 

findings showed a trend toward an own-sex bias such that females showed a greater 

compatibility effect on female stimuli than male stimuli, this was a relatively small effect 

size, and thus does not explain much of the sex difference observed in the spatial 

compatibility effect.  

The findings from Experiment 3 thus suggest that it is unlikely that there is a sex 

difference in the imitative compatibility effect. Instead, our findings suggest that there is 

a sex difference in the spatial compatibility effect, which may reflect a difference in spatial 

control between males and females that in the case of this experiment is triggered by the 

location of a finger in space.  

The multiple regression analyses suggest that the imitative compatibility effect 

is invariant to stable traits of personality including grandiose and vulnerability 

narcissism, autistic-like and schizotypal traits, as well as alexithymia.  

Given prior evidence, we predicted that individuals who report higher empathy, 

extraversion, and agreeableness would be more prosocial, and would therefore imitate 

more than those who scored lower on these measures. In the current experiment, 

although higher extraversion predicted higher imitation, we found the opposite pattern 

for empathy and agreeableness. An increase in empathic concern and agreeableness 

predicted a decrease in the imitative compatibility effect. The effects, however, were 

small and predicted only an additional 2.45% (empathy) and 2.5% (extraversion and 

agreeableness) of the variance. Before making any firm conclusions, these results would 

need to be replicated using large sample sizes to ensure that these findings do not reflect 

false positives. In addition, none of the sex*trait interactions predicted the imitative 
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compatibility effect, and the pattern of results from Experiment 1 for the sex*empathy 

and sex*alexithymia interactions did not replicate over Experiment 2 and 3 (see Figure 

8). Overall, therefore, these results provide support for the suggestion that automatic 

imitation is largely invariant to stable traits of personality (Butler et al., 2015; Cracco et 

al., 2018).  

For all three experiments, we performed all the analyses again by further 

excluding participants who were three standard deviations away from the group mean 

on the compatibility effect on either of the tasks. For Experiment 1, no additional 

participants were excluded. For both Experiment 2 and 3, one additional participant was 

excluded. Obtained results were very similar to those reported above.  

 

General Discussion 

By integrating methodological approaches from experimental and differential 

psychology, the current study shines new light on the relationships between stable 

features of individuals, such as personality and sex, and the architecture of cognitive 

control systems. Across three experiments, we consistently showed that cognitive control 

systems are largely invariant to stable aspects of personality, but exhibit a sex difference, 

such that females show greater interference than males. Moreover, we further qualified 

this sex difference in two ways. First, we showed that the sex difference was unrelated to 

the sex of the interaction partner and therefore did not reflect an in-group bias based on 

sex. Second, we showed that the sex difference was tied to a form of spatial interference 

control rather than imitative control and therefore it is unlikely to reflect a specialised 

mechanism for guiding social interactions exclusively. Instead, our findings suggest that 

a robust sex difference exists in the system (or set of subsystems) that operate in 

resolving a form of spatial interference control. The implications of these findings for 

understanding cognitive control systems in social and non-social contexts are discussed.  

Are individual differences in interference control robust and replicable? 

In recent years, a key question in psychology and neuroscience has concerned the 

credibility of reported findings (Button et al., 2013; Open Science, 2015; Munafo et al., 

2017; Pashler et al., 2012; Vazire, 2018) with estimates of replicability ranging between 

25 and 75% (Camerer et al., 2018; Marsman et al., 2017; Matzke et al., 2015; Nosek & 

Lakens, 2014). Studies that integrate experimental and differential approaches are rare 

in general, and in the context of imitation control, prior studies have typically used small 
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sample sizes (Ainley et al., 2014; Chartrand & Bargh, 1999; Hogeveen & Obhi, 2013; Obhi 

et al., 2013; Santiesteban et al., 2015). As such, one important contribution from the 

current study is a more robust and precise estimate of the size and replicability of sex 

differences in cognitive control. To do so, we used relatively large sample sizes, which 

could detect small-to-medium effect sizes with a high degree of confidence and ran three 

separate experiments using designs that combined approaches from experimental and 

differential psychology.  

In Experiments 1 and 2, we replicated the sex difference found previously both 

when the SRC task measured automatic imitation as a composite of imitative and left-

right spatial effects (Butler et al., 2015), as well as orthogonal spatial compatibility effects 

(Genschow et al., 2017). Furthermore, in Experiment 3, we measured imitative 

compatibility effects independent of spatial compatibility effects (Berthental et al., 2006; 

Boyer et al., 2012; Catmur & Heyes, 2011; Jimenez et al., 2012). In Experiment 3, females 

showed a greater spatial compatibility effect than males, but there was no difference 

between the sexes on imitative compatibility. Thus, it is clear that the sex difference on 

the SRC task reflects a difference in spatial control between males and females, rather 

than a difference in a specialised system that is dedicated to social control.  

According to Cohen’s benchmarks for interpreting effect sizes (Cohen, 1992), the 

difference between the sexes was a small-to-medium effect size (Cohen’s d = 0.28) and 

was relatively consistent across the three experiments, with the lower bound of the 95% 

CI > 0.02 (see Figure 22). Considering the sensitivity of our design, it is important to note 

that these effect sizes were below the 80% power mark, which our power analysis 

identified, as we had 80% power to detect effects greater than Cohen’s d 0.36. Each 

individual experiment, therefore, has less than 80% power. This said, all three 

experiments showed results similar to Butler and colleagues (2015), in that they were in 

the same (predicted) direction and of a consistent magnitude. Further, by replicating the 

effects in separate large sample designs, it makes it less likely that these results represent 

sampling error (Zwaan et al., 2018). Moreover, if we interpret the length of the confidence 

interval (Armhein et al., 2019; Cumming, 2012), then our best estimate is a small to 

medium effect, with all likely effects being in the predicted direction (i.e., greater than 

zero). Therefore, building on prior work (Butler et al., 2015), across three large-sample 

experiments, we have provided a robust and relatively precise estimate of the size of the 

sex difference and shown that it reflects spatial rather than social control mechanisms.  



www.manaraa.com

4. INDIVIDUAL DIFFERENCES 

 152 

 

 
 
Figure 22. Effect Sizes of the Sex Difference. Cohen’s d effect sizes of the sex difference on 
the imitation task across Experiments 1, 2, and 3. Error bar denotes one-tailed 95% 
confidence interval.  
 

Moreover, across all three experiments, we consistently found that the control of 

automatic imitative tendencies, as measured by the SRC task, is invariant to differences 

in personality traits across individuals. Compared to prior studies (Chartrand & Bargh, 

1999; Obhi et al., 2013; Obhi & Hogeveen, 2013), we provide a more robust test of 

hypotheses regarding individual differences as we used larger sample sizes, which 

produce higher statistical power, and we looked for consistent patterns of data across 

multiple experiments. By doing so, a more stable picture is emerging with regard to 

personality and SRC measures of automatic imitation, which suggests that mechanisms 

of imitative control are largely invariant to dimensions of personality (Butler et al., 2015; 
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Cracco et al., 2018b; Genschow et al., 2017), even they are operating in more socially rich 

contexts (Exp. 1) and when spatial and imitative effects are more clearly separated (Exps. 

2 and 3). In short, any effects of personality were small and inconsistent across 

experiments. Of course, our design did not have sufficient power to detect small effects 

with reasonable confidence (> 80%), and such effects would require considerably larger 

sample sizes to be able to confidently confirm that they exist. As such, at present, our best 

estimate is that the effects of personality on SRC measures of automatic imitation are 

negligible or small.  

 

Do differences in cognitive control reflect a sex difference or an in-group bias? 

In Experiments 1 and 2, as well as in prior studies that have observed sex 

differences in the SRC imitation task (Butler et al., 2015; Genschow et al., 2017), the 

stimuli used were of a female hand. Thus, it was possible that the sex difference reflected 

an in-group bias leading to higher compatibility effects for females compared to males 

(Cracco et al., 2018). Indeed, there is already suggestive evidence (from studies with 

relatively small sample sizes), that both facial imitation and SRC measures of imitation 

have been found to increase when the interacting partner is an in-group member 

compared to an out-group member based on race, ethnicity, and arbitrary group 

assignment (Gleibs et al., 2016; Mondillon et al., 2007; Rauchbauer et al., 2015).  

In the current study, based on the sex of the interaction partner, we show no 

clear evidence for an own-sex bias for either spatial or imitative compatibility. Moreover, 

in terms of sensitivity, the use of a larger sample size than is typical means that our study 

had 80% power to detect effect sizes at or above Cohen’s d = 0.36, which means that we 

can be reasonably confident that effect sizes of this magnitude or larger are unlikely. 

Taken together, although ingroup biases are potent in everyday life and relate to sex, race 

and ethnicity (Brown, 1995; Fischbein, 1996; Kubota et al., 2012; Malpass & Kravitz, 

1969; Powlishta, 1995; Rudman & Goodwin, 2004; Yee & Brown, 1995), the difference in 

interference control reported here reflects the sex of the participant, rather than an in-

group bias based on the sex of the interaction partner. As such, these results are contrary 

to proposals put forward by Cracco and colleagues (2018), and highlight a stable 

individual difference in interference control, rather than an effect of the social context 

(i.e., the sex of the interaction partner). 
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What type of cognitive system underpins sex differences in interference control? 

Three broad structures of cognitive system were candidates to underpin the sex 

difference in interference control: 1) a sex difference specific to social imitative control; 

2) a sex difference generalised across all types of control; 3) a sex difference specific to a 

form of non-social control. If the sex difference was solely tied to imitative control and 

reflected the workings of a specialised and domain-specific cognitive structure, we would 

have observed a sex difference only on the imitative compatibility component of the task. 

Likewise, if the sex difference reflected the operation of a straightforwardly domain-

general system, we would have expected a difference between males and females on the 

flanker task, as well as both the spatial and imitative components of the automatic 

imitation SRC task. As such, these findings demonstrate that the sex difference is neither 

completely domain-general i.e., it does not generalise across all types of compatibility 

effects nor is it domain-specific i.e., it is not solely tied to the control of automatic 

imitation. 

Our findings show more support for the third type of cognitive system outlined 

above, which suggests that the sex difference reflects a particular type of non-social 

interference, which is not shared across all SRC tasks. Indeed, across our experiments, 

the sex difference was tied to a type of spatial interference observed in the spatial 

component of the automatic imitation SRC task, but not the imitative component of the 

same task or the non-social flanker task. A sex difference on spatial control, but not on 

imitative control, when measured on the same task, suggests that although general 

cognitive control systems are engaged for both tasks to some extent, they may not be 

engaged in an identical manner across both the compatibility effects. Moreover, it is 

unlikely that the sex difference on spatial compatibility reflects a difference in the 

perceptual processing of the social stimulus (i.e. the hand on the screen) as the stimuli 

are the same across both compatibility effects, but no sex difference emerges on the 

imitative compatibility effect. For both imitative and spatial compatibility, therefore, the 

input to the control mechanism that resolves conflict is the same i.e. a finger. However, 

the way conflict is resolved for spatial and imitative effects might involve mechanisms 

that operate differently as a function of sex.  

In addition to the sex difference not being tied to social or imitative control, it also 

reflects a component that is not shared with the flanker task. A lack of sex difference on 

the flanker task, and little or no correlation between the compatibility effects on the two 
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tasks, has at least two possible interpretations, which are not mutually exclusive. First, it 

could reflect a lack of sensitivity. The differences between females and males on 

behavioural indices (such as RT) on the flanker task may be small (Fischer et al., 2015; 

Clayson et al., 2011; Stoet, 2011). In the current experiment, our sensitivity analysis 

suggests that we could detect effect sizes of Cohen’s d > 0.36 with reasonable confidence 

(80%), but the effects of sex on the flanker were smaller than this in Experiment 1 and 2 

(Cohen’s d = 0.15 and 0.03, respectively). Moreover, a large sample study with 895 

participants found a small sex difference in the predicted direction on the flanker task 

using arrows such that females showed a greater compatibility effects than males 

(Fischer et al., 2015). Thus, there could also be a non-zero sex difference on the flanker 

task, but even if this turns out to be the case, it is clear that the size of the sex difference 

varies across different types of non-social cognitive control tasks. 

A second possible reason for the lack of sex difference on the flanker task is that 

the sex difference is underpinned by a particular type of non-social control. Previous 

studies help contextualise this finding by showing that females differ from males across 

a wide range of cognitive control tasks, especially those involving spatial processing 

(Bayliss & Tipper, 2005; Clayson et al., 2011; Stoet, 2011; Stoet et al., 2017). One 

possibility, therefore, is that the sex difference may reflect a difference in the two types 

of spatial conflict measured by the flanker and spatial compatibility effect. For example, 

in the SRC task measuring spatial compatibility, the conflict arises because a stimulus 

feature is inconsistent to the response, whereas on the flanker task, a stimulus feature is 

inconsistent to another stimulus feature (Kornblum, 1994; Kornblum et al., 1990). 

Further, it has been proposed that stimulus-response (S-R) conflicts and stimulus-

stimulus (S-S) conflicts are underpinned by different processing patterns (Frühholz et al., 

2011; Kornblum & Lee, 1995; Kornblum et al., 1990; 1999; Li et al., 2014; Zhang et al., 

1999).  

Based on the distinction between stimulus-stimulus and stimulus-response 

mappings, it may be that sex differences may reflect spatial processing differences in 

different types of conflicts, such that females show a higher compatibility effect on spatial 

S-R conflicts, but not S-S conflicts. In line with this, prior evidence on Stroop tasks (Stroop, 

1935; which is a type of S-S conflict) suggests that females and males do not differ on the 

Stroop task (MacLeod, 1991; Daniel et al., 2000) or show a sex difference in the opposite 

direction such that females show a lower compatibility effect than males (Van der Elst et 
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al., 2006). However, no prior study has looked at whether sex differences manifest in 

different ways on S-R and S-S conflicts, and future research would be needed to 

investigate this interpretation. 

More generally, other sex differences, which do not rely on SRC paradigms, can 

further contextualise our findings. Indeed, prior research suggests that females differ 

from males on a range of social processes (Baron-Cohen, 2002). For example, females 

show greater empathy than males, which may lead to more pro-social behaviour, thus 

suggesting that females may imitate more than males (Baron-Cohen & Wheelwright, 

2004; Christov-Moore et al., 2014; Schulte-Rüther et al., 2008). However, although 

empathy has been associated with a variety of paradigms investigating automatic 

imitation (Chartrand & Bargh, 1999; Müller et al., 2013; Sonnby-Borgstrom 2002), there 

does not seem to be a clear link between empathy and automatic imitation as measured 

on the SRC task (Butler et al., 2015; Genschow et al., 2017). Moreover, while females show 

higher facial mimicry than males (Dimberg, 1990; Hess & Bourgeois, 2010; Korb et al., 

2015; Lundqvist, 1995; Sonnby-Borgstrom 2002; 2008), studies investigating imitation 

of other behaviours, such as nose-scratching, have not found any reliable sex differences, 

although such studies have been limited by small sample sizes (Chartrand & Bargh, 

1999). Inconsistent and equivocal results across imitation tasks might suggest that these 

tasks engage different cognitive mechanisms. Indeed, although different measures of 

automatic imitation have been previously assumed to rely on the same underlying 

mechanisms, there is accumulating empirical and theoretical reason to question such an 

assumption (Genschow et al., 2017). Thus, divergent sex differences across different 

measures of automatic imitative behaviour may reflect differences in cognitive 

mechanisms that underpin these tasks.  

 

Conclusion 

The current findings provide a general insight into the relationship between individual 

differences and cognitive control systems in social and non-social contexts. Integrating 

experimental and differential psychology approaches, across three large sample 

experiments, we show that there is negligible or no evidence for a link between social 

control and stable personality traits. However, cognitive control systems vary as a 

function of biological sex, such that females show a greater interference than males. 

Further, this sex difference does not reflect an in-group bias based on the sex of the 
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interacting partner and is not tied specifically to social control but reflects differences in 

the cognitive systems that operate in resolving a form of spatial interference. Therefore, 

we show that the sex difference exists in the system (or set of subsystems) that operate 

in resolving a form of spatial interference control, and that such systems are unaffected 

by social factors such as facial expression or the sex of the interaction partner. More 

generally, the results highlight the value of integrating approaches from experimental 

and differential psychology, as well as using large sample sizes, in order to investigate the 

relationship between cognitive control architectures and stable traits of individuals, 

which few studies have achieved to date. 
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CHAPTER 5 

 

GENERAL DISCUSSION 

 

In the last few decades, there has been burgeoning interest in automatic imitation given 

its importance for understanding non-verbal communication and social interactions. The 

empirical chapters of this thesis aimed at investigating critical questions pertaining to 

individual differences in automatic imitation, as well as the underlying specialised and/or 

generalised cognitive and neural mechanisms. The results from the present empirical 

work addresses important questions and gaps in existing knowledge about automatic 

imitation and enhances understanding of the nature of automatic imitative processes as 

well as social cognition more generally. In the current chapter, I first provide a summary 

of the empirical findings from Chapters 2, 3, and 4. Next, I discuss what these findings 

mean for research on automatic imitation as well as the broader implications for the field 

of social cognitive neuroscience as a whole. These implications centre around three main 

topics – domain-generality v/s domain-specificity models, individual differences, and 

wider issues in the imitation literature. Within each of these sub-sections, I also outline 

limitations of the current work as well as interesting and exciting avenues for future 

research that the current work can lead to. 

 

5.1.  Summary of findings from this thesis. 

The empirical chapters comprising this thesis aimed at elucidating the neural and 

cognitive mechanisms underlying automatic imitation, and how these mechanisms differ 

as a function of individual differences. In Chapter 2, I investigated functional specificity 

and sex differences in the neural circuits underlying the control of automatic imitation. 

This was the first fMRI study to date investigating sex differences in the neural correlates 

of automatic imitation as well as the first study using a functional region-of-interest 

(fROI) approach. With higher statistical power and functional sensitivity than prior 

studies, across two experiments, the results demonstrated that the control of automatic 

imitation engaged a domain-general multiple demand network, as opposed to a unique 

brain network that supports social cognition. Further, I also investigated whether 

females and males differed in the control of automatic imitation. Behaviourally, I found a 
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sex difference on the spatial compatibility effect such that females showed a higher 

interference effect that males. However, there was no difference between females and 

males on the imitative compatibility effect. Neural mechanisms underlying spatial and 

imitative control did not vary as a function of biological sex, pointing toward more 

similarities than differences between the sexes. It does remain a possibility that small 

univariate effects may exist, or that the sex difference is underpinned by a more complex 

neural organisation that was not tested in the present study.   

In Chapter 3, I performed a meta-analysis of fMRI studies investigating automatic 

imitation in order to quantify the consistency and specificity of regional activation during 

the control of automatic imitation. Given the inconsistency of prior findings, I used multi-

level kernel density analysis (MKDA) in order to overcome limitations of interpreting 

individual studies. Similar to Chapter 1, our results from the meta-analysis also provided 

unambiguous support for the engagement of a domain-general multiple demand network 

spanning the dorsolateral frontoparietal cortex during the control of automatic imitation. 

In contrast, I found less evidence for the specialist view of imitation control which relies 

on the theory-of-mind (ToM) network. Indeed, mPFC showed no consistent engagement, 

and engagement in the rTPJ may reflect spatial rather than imitative control. As such, 

findings from Chapters 2 and 3 suggest that models of imitation control need updating in 

order to include an increased role for domain-general processes and a reduced or altered 

role for domain-specific processes. 

In Chapter 4, I used three large-sample behavioural experiments in order to 

investigate individual differences in social (imitative) and non-social control. Integrating 

methodological approaches from experimental and differential psychology, I 

demonstrated that cognitive control systems are largely invariant to personality traits 

but show a sex difference such that females show a greater interference than males. I 

further qualified this sex difference in two ways. First, I showed that the sex difference 

was unrelated to the sex of the interaction partner and therefore did not reflect an in-

group bias based on sex. Second, I showed that the sex difference was tied to a form of 

spatial interference control rather than social (imitative) control and therefore it does 

not reflect a specialised mechanism for guiding social interactions exclusively.  

Taken together, the current findings unambiguously support the role of domain-

general neural processes in the control of automatic imitation. The results also 

demonstrate that automatic imitation is not modulated by individual differences such as 
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stable dimensions of personality including empathy, narcissism, extraversion, 

agreeableness, alexithymia, and autistic-like and schizotypal traits. In addition, automatic 

imitation does not differ as a function of biological sex. Instead, the sex difference exists 

in the system (or set of subsystems) that operates in resolving a form of spatial 

interference control, and that such systems are unaffected by social factors such as the 

sex of the interaction partner. Theoretical and methodological implications of these 

findings are discussed in the following sections of this chapter.  

 

5.2. Implications for imitation and social cognition 

 

5.2.1. Domain-specificity v/s domain-generality.  

Before the cognitive revolution in the middle of the 20th century, the brain was 

looked at as a black box, and any investigations regarding what the black box contained 

and how it worked were considered as unscientific. The cognitive revolution, however, 

changed this perspective and many researchers across different domains started 

investigating the “parts” of this black box, and the links between these parts and 

corresponding behavioural outputs. A central tenet of these investigations has been that 

of modularity: are mental phenomena the product of many distinct, specialised 

processes, or a single generalised one?  

It is generally accepted that the mind has some internal structure, and different 

kinds of information processing might engage different neural structures (Barrett & 

Kurzban, 2006). There is some agreement that there are neural networks that are 

specialised for perceptual and motor processes such as for processing faces, bodies, 

objects, biological motion, and representing mental states of other conspecifics (Downing 

et al., 2001; Grossman et al., 2000; Kanwisher et al., 1997; Saxe et al., 2006). However, 

specialisation for higher-level cognitive abilities such as reasoning and language is a 

much more controversial topic of research (Kanwisher, 2010). Researchers across 

multiple disciplines including evolutionary biology, psychology, cognitive sciences, and 

social and cognitive neuroscience have considered these questions as key scientific 

objectives, and postulated and theorised many accounts of domain-specificity across 

different disciplines which, however, do not see wide consensus (Spunt & Adolphs, 2017).  

In its broadest sense, domain-specificity refers to the link between specialised 

domains and the brain and cognitive systems that are engaged by these domains (Spunt 
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& Adolphs, 2017). As such, domain specific processes can be described as processes that 

are tailored to particular types of stimuli or task features. In contrast, domain-general 

processes operate across different types of stimuli or task features (Barrett, 2012). Thus, 

there seems to be a clear divide between domain specific and domain general processes 

(Hirschfield & Gelman, 1994; Kanwisher, 2010).  

In Chapters 2 and 3 of my thesis, I investigated whether the control of automatic 

imitation relied on domain-specific neural architectures that are unique to social 

cognition as proposed by some researchers (Brass et al., 2001; 2003; 2009; Brass & 

Heyes, 2005; Santiesteban et al., 2012; Spengler et al., 2009; 2010). However, the results 

showed robust evidence for the engagement of a domain-general neural architecture 

which spans dorsolateral fronto-parietal cortices and is engaged for not just the control 

of automatic imitation, but a wide range of cognitive control tasks (Duncan, 2010; 

Fedorenko et al., 2013). Thus, the control of automatic imitation does not rely on a 

specialised neural circuitry, but on a domain-general multiple demand network. 

Much like neuroscience in general, social cognitive neuroscience has focused on 

domain-specificity – by taking a functional segregation approach, the brain has been 

divided into distinct processing “modules” that perform specific functions (Park & 

Friston, 2013). A critical focus of research within the field of social cognitive neuroscience 

has been that of whether there exists a “social brain” i.e. whether social cognition is 

domain-specific or just one instance of general cognition (Adolphs, 2001). There has been 

an over-reliance on domain-specificity in the last few decades, and researchers have 

largely neglected the role of domain-general processes (Barrett, 2012; Barrett & Satpute, 

2013; Frith & Frith, 2012; Spunt & Adolphs, 2015; 2017). However, results from the 

current thesis as well as evidence from other domains of social cognition suggest that 

domain-general neural networks are also engaged during social interactions and social 

information processing (Baetens et al., 2014; Baldauf & Desimone, 2014; Quadflieg et al., 

2011; Zaki et al., 2010).  

In line with this, more recent models of social information processing have 

suggested that domain-general and domain-specific systems play complementary roles 

in social cognition. Social interactions are likely brought about by a combination of 

general and specific processes, as well as interactions and interplay between these two 

types of processes (Binney & Ramsey, 2019; Barrett, 2012; Michael & D’Ausilio, 2015; 

Spunt & Adolphs, 2017). These models reduce the burden of explanatory power 
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traditionally placed on domain-specific systems. For example, Binney and Ramsey’s 

model draws from the semantic cognition literature and suggests that social information 

processing relies on two primary systems – that of representation and control (Binney & 

Ramsey, 2019; Ralph et al., 2017). The representation system stores information related 

to other people and the control system uses this information, reorients attention and 

prioritises responses depending on task and context. The representation system relies on 

functionally domain-specific networks, whereas the control system is domain-general. 

Thus, social information processing and cognition can occur by means of interplay and 

interactions between control systems and representational systems depending on the 

type of input.  

Of course, characterising the roles of domain-general and domain-specific 

processes in social cognition is not as easy as one may think given various 

interpretational difficulties. For instance, evidence suggests that although some brain 

regions have clearly specific functions, there may be fewer of these regions than 

previously suggested (Downing et al., 2006; Kanwisher, 2010). So-called domain-specific 

regions also show engagement across different domains, are functionally heterogenous, 

and do not work alone but in concert with other brain regions (Baetens et al., 2014; 

Baldauf & Desimone, 2014; Quadflieg et al., 2011; Spunt & Adolphs, 2015; Zaki et al., 

2010;). The temporo-parietal junction (TPJ) is one of many examples of a functionally 

heterogenous region – it has been implicated in disparate cognitive processes including 

social cognition, attentional reorienting, memory, and even language (Cabeza et al., 2012; 

Corbetta et al., 2008, Lee & McCarthy, 2016; Schuwerk et al., 2017). In addition, different 

groups of neurons and cells within the same brain regions have been known to have 

different specific and/or general properties (Swanson & Petrovich, 1998). It is difficult, 

therefore, to parse out the different roles and functions that TPJ performs in a task 

resulting in misleading interpretations and characterisation of the brain region.   

An additional difficulty in interpreting the roles of domain-general and domain-

specific networks in social cognition exists because different networks show overlap in 

the brain. Consider the debate on whether or not high-level language selective regions 

share computational demands with the mirror neuron system (Rizzolatti & Airbib, 1998) 

– for instance, the inferior frontal gyrus (IFG) shows activation during both language and 

action observation tasks. However, in a study by Pritchett and colleagues, functionally 

defined language regions showed little or no activation during action observation and 
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imitation (Pritchett et al., 2018). In a similar vein, some of the regions of the fronto-

parietal domain-general MD network overlap with key nodes of the mirror-neuron 

system (Rizzolatti & Sinigaglia, 2016). This makes it difficult to interpret their functional 

role in the phenomenon of interest. In Chapter 2 of this thesis, I used a functional localiser 

approach and found that regions which were engaged for a working memory task were 

also engaged when controlling the tendency to automatically imitate, thus characterising 

the functional contribution of the MD network in automatic imitation. Of course, this does 

not mean the MNS was not engaged – both networks, although overlapping, can be 

simultaneously engaged when performing the task, but future research needs to test this 

proposal. A further possibility is that non-overlapping networks in the brain could in fact 

also share some core features and computational demands (Douglas et al., 1989; Harris 

& Shepherd, 2015). For instance, principles of learning or Bayesian updating which are 

considered as signatures of domain-general processing can be shared by different 

domain-specific networks (Barrett, 2012).  

I believe that the focus should not be on whether domain-general processes 

contribute to social cognition, but on unpacking the division of labour between domain-

general and domain-specific processes and their integration and interactions. After all, 

integration and segregation are not two opposing ends of a continuum – several 

functionally segregated units can integrate to bring about behaviour (Fox & Friston, 

2012; Friston, 2011; Tononi et al., 1998). Newer theories and models of social cognition 

need to consider that when asking questions about functional segregation and 

integration, we need to move beyond exclusivity (brain region A only performs function 

A), sufficiency (function A is performed only by brain region A), uniformity (the entire 

brain region A performs function A), and independence (brain region A performs function 

A without interacting with other brain regions), and focus on a more flexible, multi-

conceptual, and multi-dimensional characterisation and organisation of the human brain 

in social cognition.  

Future directions. The results from the current thesis provide interesting insight 

into the construction and testing of models which emphasize the roles of both domain-

general and specific systems. Indeed, in some other domains of social neuroscience, these 

links between domain-specific representational and domain-general control systems 

have already been initially tested (Quadflieg et al., 2011; Baldauf & Desimone, 2014). For 

instance, in the study by Quadflieg et al. (2011), judgements inconsistent with 
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stereotypes recruited areas of the brain associated with domain-specific person 

perception and domain-general conflict resolution, and these areas functionally 

interacted with each other. Therefore, it would be of particular interest in the realm of 

imitation control to test whether representational systems such as those involved in 

person perception and action perception functionally interact with the control system i.e. 

the multiple demand network when observed actions are incompatible with the ones that 

need to be executed and automatic imitation needs to be controlled. Such models can also 

be extrapolated to other domains of social cognition, allowing for more precise 

predictions and hypotheses within this framework that can be empirically tested.  

In addition, future work that can distinguish between the functional contributions 

and computational features of overlapping (and non-overlapping) regions would be 

valuable in better characterising the role of domain-general and specific neural networks 

in social cognition. This approach would also help in understanding whether domain-

general computational principles and features are shared between domain-specific 

networks. While the current work using univariate fMRI measurements cannot address 

these questions directly, more nuanced and refined measures of brain function such as 

multi-voxel pattern analyses (MVPA), repetition suppression analyses (RSA), encoding 

models, and functional connectivity analyses can better elucidate how and why functional 

segregation and integration in the brain leads to behaviour (Norman, Polyn, Detre, & 

Haxby, 2006; Kriegeskorte, Mur, & Bandettini, 2008).   

One framework within which interactions between domain-specific and domain-

general neural structures in a broader cognitive architecture can be explained is by 

conceptualising the brain as a Bayesian machine (Friston, 2012). Within such a 

framework, the Bayesian brain processes information by computing probabilities 

through reciprocal and recurrent interactions that minimise prediction error (Friston, 

2012; Genon et al., 2018; Kilner, et al., 2007; Knill & Pouget, 2004). In such a framework, 

the brain represents the world as “predictions” and not as “precepts.” For instance, 

people may use prior knowledge and experience to predict action outcomes during social 

interactions. With new incoming sensory inputs, generated prediction errors are used to 

update prior predictions and form new ones (Tamir & Thornton, 2018). Therefore, when 

we see a ball in flight, or a person fly into a rage, we can predict the trajectory of the ball 

or the person’s emotional trajectory (e.g. they might punch the wall) in order for us to 

react (catch the ball or stop the person from punching the wall).  
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In a similar vein, if an imitatively compatible action is “expected”, or a 

complementary (instead of imitative) action is “expected” depending on situation and 

context, the predicted reaction would benefit from facilitated processing (Yon et al., 2018; 

Yon & Press, 2018). One possibility is that the domain-general control networks works 

independently and flexibly with errors, predictions, and updating, and may be 

particularly efficient for social stimuli. Of course, even if I had found the engagement of a 

domain-specific social control system for the control of automatic imitation, the results 

could still fit within this framework – the brain may choose between control systems 

depending on its predictions. Thus, a Bayesian brain may not care whether modules in 

the brain are domain-general or domain-specific. A second related (and not necessarily 

antagonistic) possibility is that there is constant information exchange and dynamic 

switching between domain-general and domain-specific systems in a highly context-

dependent manner. That is, the representational and control systems in the brain can 

bring about response behaviour within this predictive framework by “talking” to each 

other (Ploran et al., 2007; 2011). The predictive mind is thus the result of a flexible 

Bayesian computational framework which assumes predictive “message-passing” as a 

ubiquitous feature of cortical function (Friston, 2005; Kilner et al., 2007; Tamir & 

Thornton, 2018). Of course, although this is not the only framework that explains 

integration between domain-general and domain-specific functional networks in the 

brain, it shows much potential (e.g. Apps & Tsakiris, 2013; Rao & Ballard, 1999; Tamir & 

Thornton, 2018; Yon & Press, 2018). Thus, using such frameworks can allow for more 

nuanced and systematic investigations in elucidating the underlying mechanisms of 

social cognition.  

 

5.2.2. Individual differences. 

Just a quick glance around our social world tells us that individuals are different – 

our friends and colleagues differ in the ways they see, think and act. The discipline of 

psychology has traditionally seen a divide between experimental and differential 

psychology approaches (Cronbach, 1957). The experimental approach focuses on 

characterising a cognitive mechanism based on the average or group response to 

environmental variables. Alternatively, the differential approach focuses on inter-

individual differences i.e. it distinguishes between individuals within a population 

instead of focusing on group effects. Although there has been a call for integrating these 
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two approaches, they have remained largely isolated (Cronbach, 1957; Cramer et al., 

2010).  

In Chapters 2 and 4 of the current thesis, in order to aid cross-pollination between 

experimental and differential psychology, I integrated approaches from both disciplines 

to investigate individual differences in the control of automatic imitation. In Chapter 2, I 

investigated sex differences in automatic imitation using both behavioural and fMRI 

measures (N=50). Behaviourally, females showed a higher spatial compatibility effect 

than males, but there was no sex difference on the imitative compatibility effect. No 

differences were found between the sexes on the neural correlates of either spatial or 

imitative compatibility effects.  The behavioural sex difference on spatial compatibility 

was further supported by findings from Chapter 4 where across three large sample 

experiments (with N= ~200 each), a sex difference was found on spatial compatibility, 

but not on flanker or imitative compatibility effects. This finding suggests that females 

and males differ on a particular type of spatial conflict which is not shared by the flanker 

task. Further, I found no evidence of a relationship between automatic imitation and 

stable personality traits of empathy, alexithymia, autistic-like and schizotypal traits, 

narcissism, agreeableness, and extraversion.  

The current findings contrast with previous studies that have implicated a 

relationship between stable traits of personality and automatic imitation, and those that 

have found sex differences on facial mimicry (Ainley et al., 2014; Chartrand & Bargh, 

1999; Dimberg, 1990; Hogeveen & Obhi, 2013; Obhi et al., 2014; Sonnby-Borgstrom et al., 

2008; Sowden et al., 2016). Such claims, however, are limited due to the small number of 

studies reported to date, relatively small sample sizes, lack of powerful replications, and 

a difficulty in generalising across different measures of automatic imitation. Almost all of 

these studies have used approaches that do not control for other confounding variables 

such as age, sex, and mean reaction times.  

The findings from the current thesis (Chapter 4) as well as recent large-sample 

studies (Butler et al., 2015; Cracco et al., 2018b; Genschow et al., 2017) strongly suggest 

that there is no sex difference and personality traits do not have a moderating influence 

on the SRC measure of automatic imitation. I am confident about these findings because 

in the current work, I used three large sample behavioural experiments and multiple 

regression analyses (Chapter 4), as opposed to correlational analyses and ANOVAs used 

in prior studies (e.g. Hogeveen & Obhi, 2013; Obhi et al., 2014; Sowden et al., 2016). The 
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current approach provided a more rigorous test of individual differences by controlling 

for the effects of potentially confounding variables, and by avoiding false positives that 

may be a result of small sample sizes (Cumming, 2014; Maxwell et al., 2008).  

Does this mean that imitative tendencies (and other socio-cognitive processes 

more generally) do not show individual differences at all? Human beings are extremely 

adept in their social world - we encounter a myriad of social contexts every day and 

navigate our way effortlessly with only the occasional faux pas (Adolphs, 2001). Thus, 

social cognition is an inherently complex process and it is not impossible to assume that 

individuals differ in the ways in which they interact with their social world (Baron-Cohen 

et al., 2009; Conway, Catmur, & Bird, 2019; Hamann & Canli, 2004). In addition, atypical 

social cognition has been observed in clinical samples including individuals with 

personality disorders (Herpertz & Bertsch, 2014; Hengartner et al., 2014; Semerari et al., 

2014). These studies point toward investigations in individual differences that have 

suggested that socio-cognitive functions vary across individuals. 

Integrating experimental and differential psychology approaches, however, 

comes with its own obstacles. The investigation of an experimental effect at the group 

level, and individual differences within that effect are questions that can often be at odds 

with each other. This is because group effects need low variability within the sample 

whereas differential psychology questions, especially those using correlational methods, 

are dependent on high variability among individuals (Rogosa, 1988). We cannot assume 

that robust experimental paradigms such as the SRC tasks frequently used in social 

cognition research will lend themselves well to approaches used by individual differences 

researchers. In fact, these paradigms may not be optimal for differential approaches 

because they are optimal for experimental psychology approaches (De Schryver et al., 

2016; Hahn et al., 2011; Ross, Richler, & Gauthier, 2015; Hedge, Powell, & Sumner, 2017). 

For instance, Hedge and colleagues demonstrated that the reliabilities of many cognitive 

control tasks such as the Stroop and stop-signal tasks do not meet outlined standards 

(e.g. Barch et al., 2008) in individual differences contexts (Hedge et al., 2017). Their 

results suggested that although a difference between groups can be detected if the group 

means are sufficiently far away from each other to be detectable, the tasks used do not 

distinguish between individuals in the population consistently.  

Further, most prior studies investigating individual differences in socio-cognitive 

processes have used small sample sizes. A recent meta-analysis in individual differences 
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research using 708 correlations found that 75% of the effect sizes reported are less that 

.29 Cohen’s d (which by Cohen’s standards is a small effect size; Cohen, 1988; Gignac & 

Szodorai, 2016). Sample sizes required to detect small effect sizes while also taking 

reliability of the measures used in consideration greatly exceed those that are typically 

used in most research investigating individual differences in social cognition (Hedge et 

al., 2017).  

Of course, this does not mean that such paradigms should not be used, but 

understanding their limitations improves their use and interpretation in an individual 

differences’ context. Given these obstacles, it is all the more important that studies 

investigating individual differences using such tasks use powerful statistical approaches 

that control for confounding variables, perform powerful replications, use large sample 

sizes, and ensure adequate statistical power in order to detect the effect of interest 

(Hedge et al., 2017). In light of these concerns, the current work with multiple 

experiments, large sample sizes, and higher statistical power goes a step further in 

establishing a reliable effect of the invariance of automatic imitation to individual 

differences such as stable traits of personality and biological sex.  

These concerns are also especially important and have been raised when 

investigating individual differences in neuroimaging studies (Bennett & Miller, 2010; 

Cooper et al., 2019; Dubois & Adolphs, 2016; Vul et al., 2009; Yarkoni & Braver, 2010). 

Traditionally, cognitive neuroscience has focused on experimental methods as well – 

however, it is necessary to investigate how individuals vary in brain responses while 

performing various cognitive tasks, especially if interventions to address cognitive 

impairments need to be effective at the individual level (Cooper et al., 2019). Increasing 

sample sizes in neuroimaging, however, is more difficult as these methods are expensive 

and resource intensive. It has been suggested that in order to establish brain-behaviour 

links, a sample size of more than a hundred participants is required, but such sample sizes 

are rarely to be found (Boy et al., 2010; Hedge et al., 2017; Yarkoni & Braver, 2010). In 

Chapter 2, I investigated sex differences in automatic imitation using fMRI methods. 

However, I did not find any sex differences in the functional regions of interest (fROIs) 

for either spatial or imitative compatibility, although a behavioural sex difference was 

found on spatial compatibility. This suggests that even with a higher sample size than 

most previous studies using fMRI (N=50), I possibly did not have enough power to detect 

a sex difference in neural correlates.  
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Future directions. Of course, this does not mean that the tasks and measures used 

in experimental psychology are not useful – understanding limitations and statistical 

concerns of measures used would significantly aid how robust experimental tasks should 

be used and evaluated in individual differences research.  

In the current work, I provided a more rigorous test of individual differences as 

compared to previous studies investigating individual differences in automatic imitation. 

Whereas findings from other domains of social cognition suggest that there might be 

individual differences in socio-cognitive functioning, this does not seem to be the case for 

the control of automatic imitation (as measured by the SRC task). It is possible that 

control systems that resolve imitative conflict do not vary as a function of individual 

differences whereas other systems underlying the processing or representation of social 

information may show a difference. Future research needs to investigate in what contexts 

and for what processes or systems does social cognition vary as a function of individual 

differences. It has recently been suggested that investigations on individual differences 

would benefit more by using alternative statistical analyses such as linear and 

generalised linear mixed-effects models as these provide greater flexibility when dealing 

with confounding variables (Nakagawa & Schielzeth, 2010). Further, latent variable 

models have also been suggested as an alternative in order to address psychometric 

concerns in individual differences research in both behavioural and neuroimaging 

methods (Cooper et al., 2019). Future research using these approaches would provide 

greater insight into the cognitive mechanisms underlying individual differences in social 

cognition.  

Researchers have previously suggested that it may not be of theoretical or 

practical importance to study small effect sizes that require large sample sizes especially 

using neuroimaging methods (Friston, 2012). However, I think that the size of the effect 

that can be considered meaningful depends on the context. The investigation of 

individual differences using both behavioural and neuroimaging methods is beneficial to 

understanding the structure of social cognition, constrain cognitive theories, validate 

neurophysiological measures, and characterise brain function at an individual level in 

health and disease (Dubois & Adolphs, 2016; Vogel & Awh, 2008). Using alternative 

methods to correlational analyses and increasing sample sizes can greatly enhance our 

understanding and improve reliability of measures that are used in investigations of 

individual differences using both behavioural and neuroimaging methods.  
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A further exciting and interesting avenue for future research is to move beyond 

univariate measures and existing models to investigate individual differences using fMRI. 

In Chapter 2, I did not find any differences between males and females in the response 

profile of our functional regions of interest for the control of automatic imitation. It would 

be interesting to explore whether differences between individuals in social cognition lie 

in the representational system, the control system, and/or their interaction. For instance, 

divergent effects of age have been observed on the representational and control systems 

in semantic cognition (Hoffman, 2018).  

In the context of the current work, it is possible that individual differences exist in 

the representational systems (either in person perception or action perception systems), 

the control system, or in the interactions between the representational and control 

systems, and these differences may manifest in varying forms for imitative and spatial 

compatibility. For instance, there is some evidence suggesting that females encode 

actions of others as well as social stimuli more saliently than males, however these 

findings are mixed (Cheng et al., 2007; 2008; Halpern, 2012; Miller & Halpern, 2014; 

Rahman et al., 2004; Russel et al., 2007). Similarly, the pattern of activation in the control 

system i.e. the MD network may be different for imitative and spatial compatibility 

effects, and these patterns may show a varying sex difference depending on the type of 

conflict being resolved. Multi-voxel pattern analyses may prove to be useful when 

investigating such subtle effects in representational and control systems. Further, 

individual differences have been found in resting-state, functional, and structural 

connectivity in the brain suggesting a more complex neural organisation (Dubois & 

Adolphs, 2016; Ingalharikar et al., 2014; Zhang, Dougherty, Baum, White, & Michael, 

2018). Future research using more nuanced and refined methods is needed to elucidate 

how individual differences manifest in domain-general and domain-specific systems, as 

well as their interactions.  

 

5.2.3. Wider issues within the imitation literature.  

 

Cognitive systems underlying imitation. Often, but not always, the discussion of 

generality v/s specificity of cognitive mechanisms has also been housed under a broader 

nature/nurture debate – i.e. whether the ability to imitate is innate or brought about by 

domain-general associative learning. Some researchers argue that human beings have an 



www.manaraa.com

5. GENERAL DISCUSSION 

 172 

innate, genetically inherited module for imitation (Decety & Meltzoff, 2011; Meltzoff, 

1988; Meltzoff & Moore, 1997). In contrast, the empiricist account argues that 

sensorimotor links support imitation, and these are formed by associative learning 

(Heyes, 2010; 2011; Cook, Bird, Catmur, Press, & Heyes, 2014; Catmur et al., 2009). 

At the level of description of the cognitive systems at play, whether specialised or 

generalised cognitive mechanisms underlie automatic imitation as measured by the SRC 

task is a topic of much interest. Findings from Chapters 2 and 4 substantiate the claim 

that automatic imitation is not reducible to spatial compatibility effects as also evidenced 

in prior research (Heyes, 2011; Catmur & Heyes, 2011, Marsh et al., 2016). On one hand, 

this has been considered by some as evidence that imitative and spatial effects rely on 

distinct cognitive processes (Bertenthal et al., 2006), with some researchers suggesting 

that automatic imitation relies on either a special direct matching mechanism (Bertenthal 

& Scheutz, 2012) and/or a self-other distinction mechanism (Brass et al., 2009) while 

spatial compatibility does not.  

Self/other distinction has been considered as a candidate mechanism for 

automatic imitation, based primarily on the engagement of the mPFC and rTPJ (nodes of 

the domain-specific ToM network; Brass et al., 2003; 2009). Further, based on research 

on automatic imitation, researchers have further suggested that self/other distinction 

forms the basis for not just imitation, but a whole range of social processes (e.g. Brass et 

al., 2009; Sowden & Shah, 2014). However, one issue here is that of reverse inference – 

claims made about the cognitive functions at work based on the anatomical localisation 

of its neural correlates (e.g. activation in TPJ, therefore self-other distinction is different 

from self-other distinction, therefore activation in TPJ; Poldrack 2006). When discussing 

the mental processes underlying automatic imitation (and social cognition), I think it is 

essential and necessary to keep the different levels of description in mind (cognitive 

and/or neural; Morton, 2008; Morton & Frith, 1995).  

On the other hand, other researchers believe that spatial and imitative 

compatibility effects are mediated by the same cognitive processes of domain-general 

associative learning (Cooper et al., 2012; Heyes, 2011; 2017). Thus, sensorimotor 

contingencies for imitation are formed in the same way as other non-social sensorimotor 

contingencies – in this sense, imitation is brought about by domain-general cognitive 

mechanisms (Catmur et al., 2009; Cook et al., 2014; Heyes, 2010; 2011). In contrast, 

ideomotor theorists suggest that although sensorimotor contingencies for imitation and 
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spatial control are brought about by learning mechanisms, there is a crucial difference in 

how this learning occurs (Brass & Muhle-Karbe, 2014). For instance, ideomotor 

representations are formed when the relationship between actions and their sensory 

consequences is learnt (R-E learning). This type of learning occurs when we perform an 

action with our hand, and we see our hand moving. In contrast, associative learning 

involves learning the relationship between responses and the preceding stimuli (S-R 

learning; Greenwald, 1970; Prinz, 2005). 

Our findings from Chapters 2 and 3 unambiguously suggest that the MD network 

is engaged for imitation and spatial control. Does this say anything about whether 

specialised or generalised cognitive mechanisms are at play when resolving spatial or 

imitative control? While it is perhaps simpler (and more intuitive) to assume that a 

generalised neural mechanism might underlie a generalised cognitive mechanism, we 

cannot deny the possibility that a specialised mechanism (of self/other distinction or 

ideomotor representation, for example) may not necessarily recruit a domain-specific 

neural architecture. For instance, imitative control can be brought about by multiple 

functional circuits, that themselves do not need to be domain specific (Spunt & Adolphs, 

2017).  

Whatever the cognitive structure underlying automatic imitation, the current 

findings demonstrate that a domain-general neural system is engaged for the control of 

automatic imitation. Therefore, “specialist” or “generalist” models at any level of 

description need to take into account that generalised neural systems are involved in 

imitation control. Any model that makes “specialist” claims about imitation control (or 

social cognition more generally) needs to provide compelling evidence linking both 

cognitive and neural levels of description in order to substantiate the claim that imitation 

control is underpinned by specialised cognitive and/or neural mechanisms.  

Future directions. The current work therefore suggests that although both spatial 

and imitative effects recruit similar regions of the MD network, they may or may not do 

so in an identical manner. An important focus for future research would be to elucidate 

the specialised and/or generalised neural as well as cognitive mechanisms underlying 

spatial and imitative control. For instance, dissociating between ideomotor theory and 

associative learning by investigating the anticipatory nature of ideomotor 

representations, as well as elucidating the differential working of the MD system for non-

imitative and imitative control are exciting avenues for future investigation.  
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In some sense, debates of domain-generality and specificity for the “control” of 

automatic imitation are similar to debates on “representation” seen in the field of social 

cognition in the last few decades. For any function or process to qualify as “domain-

specific” it needs to fulfil certain criteria – for instance, the domain-specificity of face 

processing has been demonstrated by showing that the fusiform face area (FFA) is most 

used for face processing, is active more for faces than other visual stimuli, contains 

neurons that are face-selective, is necessary (and not simply involved) for face 

processing, and evolved to be face-specific (Kanwisher, Mcdermott, & Chun, 1997; 

Kaniwsher, 2010; Tsao, Freiwald, Tootell, & Livingstone, 2006). Similarly, in order to 

establish whether the control of automatic imitation is underpinned by domain-specific 

neural systems, compelling evidence on these criteria needs to be provided by 

proponents of “specialist” models.  

Function(s) of imitation. It is also essential to distinguish between the origin and 

functions of both imitative and non-imitative (or social and non-social) sensorimotor 

contingencies (Cook et al., 2007). For instance, irrespective of how sensorimotor 

contingencies are learnt, the functions that imitation performs may be different to 

functions performed by non-imitative sensorimotor contingencies. In contrast, a nihilist 

account would argue that imitation performs no “special” function and is 

indistinguishable from other non-imitative sensorimotor contingencies (Farmer et al., 

2018). However, a popular theory is that automatic imitation functions as a “social glue” 

by increasing positive rapport and affiliation, and thus has a strategic social function 

(Chartrand & Bargh, 1999; Chartrand & Lakin, 2013; Dijksterhuis, 2005; Lakin et al., 

2003; van Baaren et al., 2009; Wang & Hamilton, 2012). Fundamental assumptions of the 

social glue hypothesis are that automatic imitation is a pro-social signal and the 

production of automatic imitation is influenced by factors and in contexts where we 

would expect more pro-social signalling, and that automatic imitation would generate 

positive consequences (Farmer, Ciaunica, & Hamilton, 2018).  

In line with this, SRC measures of automatic imitation have found an increase in 

automatic imitation after pro-social priming (Cook & Bird, 2011, 2012; De Coster et al., 

2014; Leighton et al., 2010). Empathy is linked to pro-sociality, and it has been suggested 

that more empathic individuals tend to show greater automatic imitation (Chartrand & 

Bargh, 1999). Similarly, individuals lacking in emotional and cognitive empathy show 

decreased automatic imitative tendencies (Hogeveen & Obhi, 2013; Obhi et al., 2013). 
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Automatic imitation also has positive consequences such as increasing trust and rapport 

between interacting partners (Chartrand & Bargh, 1999; Chartrand & Lakin, 2013).  

However, these findings have recently been challenged. A study by Newey and 

colleagues did not find a link between pro-sociality and automatic imitation (Newey, et 

al., 2019). Findings from the current thesis (Chapter 4) also corroborate the suggestion 

that automatic imitation is invariant to stable traits of personality such as empathy and 

narcissism (Butler et al., 2015; Cracco et al., 2018b; Genschow et al., 2017). In addition, 

evidence also suggests that being mimicked does not lead to increased rapport or trust 

(Hale & Hamilton, 2016a; 2016b). These findings demonstrate that the effects of 

prosocial priming, stable traits of personality like empathy and narcissism, as well as 

positive consequences such as increased trust and rapport on and due to automatic 

imitative behaviours may be small (or negligible) and less robust than what prior 

research has proposed.  

In addition, even though imitation may have many positive consequences, it may 

not always be the sincerest form of flattery – in some circumstances, over-imitation may 

lead to negative consequences. For instance, some previous work suggests that high 

levels of mimicry and similarity lead to negative reactions toward the imitator (Lynn & 

Snyder, 2002; White & Argo, 2011). These studies, however, have looked at intentional 

imitation, and it is yet unclear whether over-imitation without the conscious awareness 

of either of the interacting partners may or may not lead to negative outcomes. 

Future directions. Along with functioning as a social glue, automatic imitation is 

also thought to aid in action understanding (although this is controversial; Gallese & 

Goldman, 1998) and serve as a tool for social and cultural learning (Heyes, 2017). These 

functions of imitation are not independent and can co-exist (Farmer et al., 2018). Future 

research with larger sample sizes and high statistical power is needed to understand and 

identify the contexts and conditions under which automatic imitation functions as a social 

glue, and has positive or negative consequences.  

Are all the tasks measuring the same thing? In the automatic imitation 

literature, it is often accepted that there are consistent effects across studies. However, 

the evidence presented above and in Chapter 4 of this thesis suggests that the effect of 

stable personality traits and other social modulators such as pro-sociality, trust and 

rapport are not consistently replicated. However, all these studies have used different 

tasks. For instance, in the current thesis, I used SRC measures of automatic imitation (also 
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in Butler et al., 2015; Genschow et al., 2017). Hale and Hamilton (2016b) measured 

mimicry using a virtual reality paradigm whereas social psychology researchers have 

used naturalistic paradigms (e.g. Chartrand & Bargh, 1999). Therefore, it is difficult to 

estimate how reliable these effects are for the phenomenon of automatic imitation as a 

whole (Lakens, Hilgard, & Staaks, 2016).  

Further, although automatic imitation is considered to be a laboratory equivalent 

of mimicry, and the two phenomena are thought to rely on similar mechanisms (Heyes, 

2011), this has been recently questioned (Genschow et al., 2017; Ramsey, 2018). 

Genschow and colleagues found no correlation between mimicry and automatic 

imitation, suggesting that these tasks may not be measuring the exact same thing and are 

not related to each other (Genschow et al., 2017). One possibility is that one or both tasks 

lack validity and reflect measurement error i.e. they do not measure what they are 

supposed to measure (i.e. automatic imitation). For instance, SRC measures of automatic 

imitation may not be measuring anything related to the overt copying of behaviours but 

something unrelated to imitation (Ramsey, 2018). A second possibility is that SRC 

measures and naturalistic paradigms measure different dimensions or flavours of 

imitation (Cracco & Brass, 2019; Ramsey, 2018).  

A similar discussion can be seen on tasks measuring theory-of-mind or an ability 

to understand others’ mental states (Apperly, 2012; Schaafsma et al., 2015; Schurz, 

Radua, Aichhorn, Richlan, & Perner, 2014). Researchers have suggested that theory-of-

mind may not be a unitary construct but a diverse, multi-dimensional construct that 

intersects with different social and cognitive abilities depending on the task and 

dimension it is measuring (Warnell & Redcay, 2019). Extrapolating these findings to 

imitation research, it may be that different tasks measuring imitation tap into different 

dimensions of a diverse construct, and thus intersect with different social and cognitive 

variables. This can perhaps explain why, for example, mimicry paradigms find a link 

between empathy and mimicry, whereas SRC measures of automatic imitation do not as 

these tasks may be enlisting different cognitive mechanisms (Butler et al., 2015; 

Chartrand & Bargh, 1999; Genschow et al., 2017; Mueller et al., 2013; Sonnyby-Borgstrom 

2002).  

Future directions. A fundamental issue that, however, lies unresolved is whether 

the SRC task actually links to social cognition more broadly. The domain of social 

cognition research has seen the use of cognitive psychology paradigms and 
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methodologies to answer questions that are of interest to social psychologists (Lambert 

& Scherer, 2013). An outstanding question remains – are these paradigms truly 

measuring what we think they are measuring? Throughout this thesis, I have used the 

SRC task to measure automatic imitation. However, more and more recent evidence 

suggests that social cognition is fundamentally different when we are involved in live 

social interactions with each other as compared to when we are doing tasks in a 

controlled environment (Schillbach et al., 2013; Redcay & Schillbach, 2019). For instance, 

researchers have suggested that eye-gaze behaviours when measured using screen-

based tasks cannot be validly generalised to and used as a proxy for understanding gaze 

behaviours in live social interaction settings (Grossman, Zane, Mertens, & Mitchell, 2019). 

Thus, I believe that more empirical evidence is needed to know whether the SRC task of 

automatic imitation is actually measuring a social cognitive process (or even one 

component of a multi-dimensional construct like imitation).  

Therefore, as a field, it might be beneficial to assess the validity of tasks before 

assuming that inferences hold at the level of latent constructs – we should use operational 

terminology (e.g. we have a Stroop effect) rather than use it as a substitute for a 

theoretical construct (e.g. we have a response inhibition effect; Dennett, 1991; Peters & 

Crutzen, 2016). Elucidating similar or different cognitive mechanisms underlying 

different tasks measuring imitation, the relationship between overt and covert measures 

of copying behaviours, as well as assessing the validity of automatic imitation tasks (as 

well as other tasks that tap into social processes) are important directions for future 

research.  

 

5.3. Conclusion 

For centuries, thinkers, philosophers, and scientists have been interested in and 

questioned the processes underlying the tendency of humans to automatically imitate 

others. These explorations and dialogues have spanned many domains and have tried to 

answer fundamental questions about humankind including the freedom of will, the 

underlying unity of all sentience, and the nature, functions, and intricacies of social 

cognition. While processes such as the control of automatic imitation are only the 

microcosm representing the intricacy of the human mind and brain, insight into the 

cognitive and neural mechanisms underlying such processes, and how these mechanisms 
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differ between individuals, are important pursuits for solving the puzzle of human 

existence and behaviour in an inherently complex social world.  

The findings from the current thesis are instrumental in providing a better 

understanding of the methodological and theoretical debates surrounding automatic 

imitation and social cognition. In the empirical chapters comprising this thesis, I have 

used multi-experiment and meta-analytical approaches as well as large-sample 

experiments to investigate the neural mechanisms and individual differences in the 

control of automatic imitation. The results from the current thesis provide novel insight 

into models of social cognition - newer models need to place greater emphasis on the role 

of domain-general processes, and the interactions between domain-specific and domain-

general processes, instead of focusing only on domain-specificity. Further, the current 

findings also highlight the importance (and obstacles) of integrating experimental and 

differential psychology approaches to explore individual differences in social (and non-

social) cognition. While the current results suggest that automatic imitation is invariant 

to stable personality traits and biological sex, the cognitive and neural organisation of 

individual differences in social and non-social cognition seems to be more complex and 

intricate than what has been previously conceived. In conclusion, the current thesis has 

important implications for research on automatic imitation, and points to many exciting 

and interesting avenues for future research that would further enhance our knowledge 

and understanding of social cognition.  
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Appendix A - Supplementary Information (Chapter 2) 

 

Development of Stimuli 

The imitation inhibition task used in Experiment 2 in the present study is a modified 

version of a previously existing paradigm (Brass et al., 2000; Catmur & Heyes, 2010). In 

order to avoid any own-sex bias, we decided to use a hand stimulus which was rated as 

neutral. 51 participants (19 males, Meanage = 23.49, SDage = 3.12) other than the ones who 

participated in the current study were asked to rate 18 white Caucasian hand stimuli (9 

male hands, 9 female hands) on a scale of 1 to 9, with 1 being “extremely masculine,” 9 

being “extremely feminine” and 5 being “neutral.” An average of the rating score was 

obtained for each hand stimulus. The hand which had an average rating closest to 5 (Mean 

= 5.08) was taken as the final stimulus as it was considered to be rated most “neutral” 

amongst all other stimuli. In the present experiment, we again asked all participants to 

rate the hand they saw in the imitation inhibition task on the same scale: 1 to 9, with 1 

being “extremely masculine,” 9 being “extremely feminine” and 5 being “neutral.” The 

mean of the hand ratings was 5.27; thus, on average, participants perceived the hand as 

‘neutral.’ 
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Table S1.1. Responses in each MD network fROI for spatial and imitative compatibility 

when individual contrasts were thresholded at p<.001, uncorrected. 

Table S1.1. Responses in each MD network fROI for spatial and imitative compatibility 

when individual contrasts were thresholded at p<.001, uncorrected. Cells in bold show 

fROIs which survived correction for multiple comparisons (p<.05, FDR corr.).  

ROI ROI 
size 

Inter-
subject 
overlap 

Average 
ROI 

mask 
size  

Spatial Compatibility Imitative Compatibility 

    t p-value p-FDR t p-value p-FDR 

L_SPL 
L_IPS 
L_IPL 

L_MFG 
L_PrecG 

L_IFG 
L_Insula 
L_SMA 
R_SPL 
R_IPS 
R_IPL 

R_MFG 
R_PrecG 

R_IFG 
R_Insula 
R_SMA 

 

1173 
287 
641 
536 
338 
181 
197 
294 

1181 
227 
599 
535 
269 
265 
184 
328 

 

0.92 

0.86 

0.82 

0.84 

0.86 

0.74 

0.7 

0.88 

0.9 

0.84 

0.76 

0.88 

0.74 

0.7 

0.78 

0.84 
 

413 

85 

89 

140 

103 

58 

48 

86 

415 

71 

111 

144 

56 

56 

44 

101 
 

1.71 
1.36 
1.91 
2.37 
1.76 
0.11 
2.45 
3.00 
1.66 
1.36 
1.89 
3.61 
2.06 
2.34 
2.22 
2.32 

 

0.047 

0.090 

0.032 

0.012 

0.043 

0.457 

0.010 

0.002 

0.052 

0.091 

0.034 

<0.001 

0.024 

0.013 

0.017 

0.013 
 

0.063 
0.097 
0.055 
0.035 
0.062 
0.457 
0.035 
0.019 
0.064 
0.097 
0.055 
0.007 
0.048 
0.035 
0.037 
0.034 

 

1.49 

2.91 

2.70 

0.99 

0.33 

0.77 

0.55 

0.03 

2.32 

2.21 

2.40 

1.80 

1.57 

1.81 

0.67 

1.05 
  

0.072 
0.003 
0.005 
0.165 
0.371 
0.223 
0.294 
0.489 
0.012 
0.017 
0.011 
0.039 
0.064 
0.041 
0.255 
0.150 

 

0.137 
0.043 
0.043 
0.240 
0.396 
0.297 
0.336 
0.489 
0.050 
0.053 
0.050 
0.093 
0.128 
0.093 
0.314 
0.240 
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Table S1.2.  

Responses in each ToM network fROI for spatial and imitative compatibility when 

individual contrasts were thresholded at p<.001, uncorrected. 

 

Table S1.2. Responses in each ToM network fROI for spatial and imitative compatibility 

when individual contrasts were thresholded at p<.001, uncorrected. Cells in bold show 

fROIs which survived correction for multiple comparisons (p<.05, FDR corr.).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ROI ROI 
size 

Inter-
subject 
overlap 

Average 
ROI 

mask 
size 

(voxels) 

Spatial Compatibility Imitative Compatibility 

    t p-value p-FDR t p-value p-FDR 
DMPFC 576 1 0.58 -1.23 0.88 0.88 -0.09 0.54 0.82 
MMPFC 494 1 0.56 -0.02 0.49 0.88 -0.56 0.71 0.82 
VMPFC 382 1 0.44 -0.96 0.82 0.88 -0.93 0.82 0.82 

RTPJ 1018 1 0.92 1.20 0.12 0.47 0.78 0.22 0.82 
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Table S2.1 Small volume correction (SVC) with MD network mask for the general 

compatibility effect and the sex*compatibility interaction.  

Region Cluster 

Size 

P FWE 

Corr 

t-

value 

MNI coordinates 

x y z 

GENERAL COMPATIBILITY (Incompatible>Compatible) 

Left inferior parietal lobule  

(extending into the left postcentral 

gyrus) 

382 <0.001 8.40 -39 -40 43 

  5.57 -48 -40 61 

  5.31 -36 -43 67 

Left intraparietal sulcus  79 0.005 6.50 -36 -52 46 

  4.27 -30 -61 49 

Left precentral gyrus 180 <0.001 6.38 -27 -7 70 

  5.11 -33 -4 52 

  4.78 -42 -1 55 

  4.32 -27 -10 55 

  4.22 -39 -4 52 

Left superior parietal lobule 14 0.249 5.31 -27 -52 70 

  3.95 -15 -55 73 

  3.80 -12 -58 70 

Right middle frontal gyrus  

 

86 0.004 5.12 27 -1 70 

  4.04 42 2 58 

L insula 21 0.149 4.67 -36 17 -2 

Right inferior parietal lobule (extending 

into the right intraparietal sulcus and 

postcentral gyrus) 

 

270 <.001 4.50 48 -34 37 

  4.47 39 -46 67 

  4.46 48 -34 43 

  4.41 45 -43 64 

  4.41 42 -34 40 

  4.39 33 -37 37 

  4.38 54 -40 40 

  4.35 45 -40 52 

  4.29 36 -46 46 

  4.28 39 -46 52 

  4.27 45 -46 55 

Right superior parietal lobule 29 0.086 4.40 36 -52 67 

  3.97 42 -52 52 

SEX*COMPATIBILITY  

[Female (Incompatible>Compatible) > Male (Incompatible>Compatible)] 

No suprathreshold clusters 

 

Table S2.1. Regions surviving a voxel-level threshold of p<.001 and 10 voxels are 

reported for the general compatibility effect and sex*compatibility interaction, small 

volume corrected using the MD mask. Subclusters at least 8 mm from the main peak are 

listed. Bold font indicates clusters that survive correction for multiple corrections using 

a family-wise error (FWE) correction (p < .05). MNI = Montreal Neurological Institute.
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Table S2.2. Small volume correction (SVC) with ToM network mask for the general 

compatibility effect and the sex*compatibility interaction.  

Region Cluste

r Size 

P 

FWE 

Corr 

t-

value 

MNI coordinates 

x y z 

GENERAL COMPATIBILITY (Incompatible>Compatible) 

Right temporo-parietal junction 

(supramarginal gyrus) 

10 0.124 3.60 57 -43 37 

  3.54 51 -40 34 

SEX*COMPATIBILITY  

[Female (Incompatible>Compatible) > Male (Incompatible>Compatible)] 

No suprathreshold clusters 

 

Table S2.2. Regions surviving a voxel-level threshold of p<.001 and 10 voxels are 

reported for the general compatibility effect and sex*compatibility interaction, small 

volume corrected using the ToM mask. Subclusters at least 8 mm from the main peak 

are listed. Bold font indicates clusters that survive correction for multiple corrections 

using a family-wise error (FWE) correction (p < .05). MNI = Montreal Neurological 

Institute. 
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Table S3. Showing Mean RT and SD for each condition of the imitation task for both males 

and females.  

 Spatially 

Compatible 

Spatially 

Incompatible 

Imitatively 

Compatible 

Imitatively 

Incompatible 

 Mean SD Mean SD Mean SD Mean SD 

Males 666.20 157.50 699.42 159.76 675.00 158.56 690.62 158.93 

Females 736.94 130.34 787.83 134.19 754.88 133.91 769.99 130.65 
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Table S4.1. Responses in each MD network fROI for the MD network localiser contrast.  

ROI ROI size Inter-

subject 

overlap 

Average 

ROI mask 

size 

(voxels) 

t p-value p-FDR 

L_SPL 

L_IPS 

L_IPL 

L_MFG 

L_PrecG 

L_IFG 

L_Insula 

L_SMA 

R_SPL 

R_IPS 

R_IPL 

R_MFG 

R_PrecG 

R_IFG 

R_Insula 

R_SMA 
 

1173 

287 

641 

536 

338 

181 

197 

294 

1181 

227 

599 

535 

269 

265 

184 

328 
 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

117 

28 

64 

53 

33 

18 

19 

29 

118 

22 

59 

53 

26 

26 

18 

32 
 

11.69 

11.15 

10.30 

11.08 

10.40 

9.38 

12.26 

14.56 

11.36 

10.18 

9.25 

11.61 

9.43 

9.13 

12.43 

11.38 
 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

 

Table S4.1. All MD network fROIs were significantly responsive to the Hard>Easy 

contrast and survived correction for false discovery rate (p<.05). 
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Table S4.2. Responses in each ToM network fROI for the ToM network localiser contrast. 

ROI ROI size Inter-

subject 

overlap 

Average 

ROI 

mask 

size 

t p-value p-FDR 

DMPFC 576 1 57 7.097 <.001 <.001 

MMPFC 494 1 49 7.065 <.001 <.001 

VMPFC 382 1 38 5.704 <.001 <.001 

RTPJ 1018 1 101 15.025 <.001 <.001 

 

Table S4.2. All ToM network fROIs were significantly responsive to the Belief>Photo 

contrast and survived correction for false discovery rate (p<.05). 
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Table S5. Whole-brain analysis (Experiment 2).  

Region Cluster 

Size 

P FWE 

Corr 

t-

value 

MNI coordinates 

x y z 

(A) GENERAL COMPATIBILITY       

Left inferior parietal lobule 333 <0.001 5.28 -42 -28 43 

  5.10 -48 -28 34 

  3.91 -30 -49 43 

Left middle frontal gyrus 130 0.018 5.05 -27 -10 49 

Right inferior parietal lobule extending 

into the right postcentral gyrus 

437 <0.001 4.85 45 -34 46 

  4.81 48 -25 43 

   4.28 30 -46 46 

Right middle and superior gyri 

extending into the right posterior-

medial frontal cortex 

259 0.001 4.85 30 -4 52 

  4.28 21 -7 64 

  4.23 15 5 52 

Left posterior-medial frontal 29 0.476 4.19 -9 -1 55 

Right inferior frontal gyrus and right insula 

lobe 

96 0.050 3.87 42 2 19 

   48 8 22 

   42 17 1 

Right precuneus 36 0.374 3.77 12 -64 52 

   3.56 18 -70 49 

Right supramarginal gyrus 26 0.527 3.75 63 -40 31 

   3.68 63 -49 28 

Right cerebellum  12 0.805 3.68 36 -49 -35 

(B) SPATIAL COMPATIBILITY  

Intraparietal sulcus extending into the 

right postcentral gyrus 

 

136 0.019 4.65 33 -43 46 

  3.87 48 -25 43 

      

Bilateral posterior medial frontal  

 

117 0.033 4.55 -6 -1 55 

  4.22 9 5 52 

  3.48 -9 5 46 

Left precentral gyrus 26 0.538 4.49 -57 5 31 

Left precentral gyrus 68 0.139 4.34 -24 -16 58 

  4.28 -27 -10 52 

Right precentral gyrus 27 0.521 4.30 63 8 28 
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Right insula lobe 46 0.282 4.23 39 14 1 

Right superior frontal gyrus 122 0.028 4.16 27 -7 58 

  4.15 27 -7 49 

Left inferior parietal lobule 75 0.025 3.95 -36 -37 40 

  3.66 -48 -31 40 

Left insula lobe 17 0.702 3.92 -33 14 7 

Left postcentral gyrus 13 0.780 3.69 -63 -16 34 

       

Right precuneus 22 0.607 3.67 12 -70 46 

  3.60 12 -61 46 

       

 10 0.838 3.39 57 -16 22 

(C) IMITATIVE COMPATIBILITY 

Right supramarginal gyrus and right 

postcentral gyrus 

40 0.349 3.76 45 -34 43 

  3.64 42 -34 55 

Left inferior parietal lobule 15 0.666 3.50 -42 -28 40 

(D) SEX*COMPATIBILITY (GENERAL) 

Right superior occipital gyrus 10 0.845 3.48 30 -67 28 

(E) SEX*COMPATIBILITY (SPATIAL) 

Right superior occipital gyrus 10 0.838 3.65 33 -64 31 

(F) SEX*COMPATIBILITY (IMITATIVE) 

No suprathreshold clusters 

 

Table S5. Regions surviving a voxel-level threshold of p<.001 and 10 voxels are reported 

for (A) general compatibility (B) spatial compatibility (C) imitative compatibility effects 

and sex*compatibility interactions separately for (D) general (E) spatial and (F) 

imitative compatibility effects. Subclusters at least 8 mm from the main peak are listed. 

Bold font indicates clusters that survive correction for multiple corrections using a 

family-wise error (FWE) correction (p < .05). MNI = Montreal Neurological Institute. 
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Table S6. Detailed table of fMRI studies using the imitation inhibition task and the contributions of ToM and MD networks in imitation 

inhibition. 

 Sample No. of trials per 
condition 

Design Task Instructions ROI/Whole 
brain 

Regions Thresholding 

 M:F  Age  Block/ 
Event-
related 

 ROI WB mPFC rTPJ MD  

1. Brass, 
Zysset, & von 
Cramon, 
2001  

10 
(4:6) 

23.5 80 congruent, 80 
incongruent 

Mixed Block1: tap index 
finger 
Block2: lift index 
finger 

 Y Y 
(Frontopolar 
cortex, BA 
10) 

N  Y (MFG, Cuneus, 
Anterior parietal 
cortex) 

p<.001, 
uncorrected 

2. Brass, 
Derfuss, & 
von Cramon. 
2005  

20 
(8:12) – 
10 for 
Imi, 10 
for 
Stroop 

26 40 congruent, 40 
incongruent, 40 
baseline, 40 null 

Event-
related 

Index finger for ‘1’ 
Middle finger for ‘2’ 

 Y Y 
aFMC 

Y  
(BA40) 

Y p<.001, 
uncorrected 

3. Brass, Ruby, 
& Spengler, 
2009 

20  35 simultaneous 
congruent, 35 
simultaneous 
incongruent, 
35 delayed 
congruent, 35 
delayed 
incongruent, 
 

Mixed Same as above 
Simultaneous:  
number cue 
appeared with 
irrelevant hand 
Delayed: response 
led to appearance 
of irrelevant hand 

Y   Y  
(for 
simultaneous 
incongruent 
> congruent 
only)* 

Y  
(for 
simultaneous 
incongruent > 
congruent 
only)* 

 P<.001, 
uncorrected 

4. Spengler, 
von Cramon, 
& Brass, 
2009 

18 
(9:9) 

25 72 incongruent, 72 
congruent, 36 null 

Event-
related 

Same as 2. Y**  Y 
(overlap 
with self-
referential 
and ToM 
tasks; -ve 
correlation 
with RT 
interference) 

Y 
(overlap with 
agency and 
ToM tasks) 

Y 
(see supple-
mentary 
material: SII, 
MFG) 

P<.05, 
corrected for 
multiple 
comparisons 
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5. Bien, 
Roebroeck, 
Goebel, & 
Sack, 2009  

15 
(5:10) 

23 64 imitative 
congruent, 64 imi 
incongruent, 64 
spat congruent, 64 
spat incongruent 

Mixed Block 1: imitate 
finger movement 
(imitative trials) 
Block2: follow 
spatial cue for 
movement (spatial 
trials) 

 Y N N Y***(premotor 
cortex, bilateral 
posterior 
parietal and 
frontal /parietal 
opercular cortex, 
right STS) 

P<.045, cluster 
size threshold 
= 50  

6. Crescentini, 
Mengotti, 
Grecucci, & 
Rumiati, 
2011 

19 
(9:10) 

24.6 60 biological 
congruent, 60 bio 
incongruent, 60 
non-bio congruent, 
60 non-bio 
incongruent 

Mixed Modified version of 
1. With biological 
(human hand) and 
non-biological 
(white dot) stimuli; 
but ppts responded 
after movement 
offset instead of 
onset 

 Y N N Y (only right 
Insula) 

P<.05, 
corrected for 
multiple 
comparisons 

7. Cross & 
Iacoboni, 
2013 

24 
(12:12) 

  Mixed Block1: imitate 
finger movements 
Block2: imitate 
spatial dot 
movement 

 Y N N N P<.05, FWE 
corrected 

8. Mengotti, 
Corradi-
Dell’Acqua, 
& Rumiati, 
2012 

22 
(10:12) 

24.4 80 per condition Mixed Task1: tap 
anatomical finger 
Task2: tap finger on 
same side of space 

 Y N N/Y (for only 
AN_NS over 
all others i.e. 
for the 
condition ‘imi 
comp + spat 
incomp’) 

Y**** P<.05 FWE 

9. Cross, 
Torrisi, 
Losin, & 
Iacoboni, 
2013 

25 
(5:15); 
20 
include
d in 
analysi
s 

19-
39 

80 imi congruent, 
80 imi 
incongruent, 80 
spat cong, 80 spat 
incong, 80 nulls 

Block Block1: lift index 
finger on finger 
movement 
Block 2: lift middle 
finger on finger 
movement 
Block ¾: lift 
index/middle finger 
when dot moves 

 Y Y N Y (ACC, bilateral 
insula extending 
into frontal pole 
and orbitofrontal 
cortex, IFG, 
PrecG, SPL) 

P<.05, FWE 
corrected 



www.manaraa.com

APPENDICES 

229 
 

10. Klapper, 
Rasey, 
Wigboldus, 
& Cross, 
2014 

19 
(2:17) 

21.9
5 

160 congruent, 
160 incongruent 

Event 
related 

Index for ‘1’ 
Middle for ‘2’ 

Y Y Y (at p<.005, 
uncorrected: 
incong>cong, 
human>non-
human) 

N/Y (at 
p<.005, 
uncorr for 
human>non-
human) and 
3-way cong x 
form x belief 
at p<.05 FWE 
corr 

  

11. Marsh, Bird, 
& Catmur, 
2016 

24 
(7:17) 

23.7
1 

80 imi cong, 80 imi 
incong, 80 spat 
cong, 80 spat 
incong 

Event 
related 

Lift index for ‘1’ 
Lift middle for ‘2’ 

 Y N N Y (IFG, IPL, ACC); 
also left TPJ 

P<.05, FWE 
corrected 

12. Wang, 
Ramsey, & 
Hamilton, 
2011 

20 
(5:15) 

23 96 congruent 
(averted + direct 
gaze), 96 
incongruent, 54 
catch trials 

Mixed Block1: Hand open 
Block2: Hand 
closed 

 Y Y (for 
averted 
incong > 
cong) 

Y (for averted 
incong > 
cong) 

Y (main 
effect:IPL, 
Cuneus); 
(averted: MOG, 
MTG, STS, 
temporal pole, 
IFG, precuneus, 
MFG, SPL, PMC, 
IPL, cuneus) 

P<.05, FWE 
corrected 
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Appendix B – Supplementary Information (Chapter 4) 

 

Questionnaires used in the current paper. 

The Mini International Personality Item Pool (mini-IPIP; (Donnellan, Oswald, Baird, & 

Lucas, 2006), the Short Autism Spectrum Quotient (AQ-10 Adult; (Baron-Cohen, 

Wheelwright, Skinner, Martin, & Clubley, 2001), the Brief Schizotypal Personality 

Questionnaire (SPQ-B; (Raine & Benishay, 1995), and the Narcissistic Personality 

Inventory (NPI-16; (Ames, Rose, & Anderson, 2006) are described in detail in previous 

work (Butler et al., 2015). The questionnaires new to the current study are described 

below. 

Hypersensitivity Narcissism Scale (HSNS). The HSNS (Hendin & Cheek, 1997) is 

a 10-item assessment of the vulnerability-sensitivity component of narcissism, as 

opposed to the grandiosity-exhibitionism component of narcissism which is measured by 

the NPI-16 (Hendin & Cheek, 1997). Participants answer each item by deciding to what 

extent it is characteristic of their feelings or behaviour on a 5 point scale from 1 “very 

uncharacteristic or untrue, strongly disagree” to five “very characteristic or true, strongly 

agree”. An example item is “I can become entirely absorbed in thinking about my personal 

affairs, me health, my cares or my relations to others”. Scores for each participant on all 

10 items were summed so that scores ranged from 10 being very low narcissism to 50 

being very high narcissism. 

Interpersonal Reactivity Index (IRI). The IRI (Davis, 1980) is a 28-item measure 

of dispositional empathy whereby an assumption of the measure is that empathy 

comprises a set of separate but related constructs. As such, responses on items from each 

of the four subscales are summed separately. Participants indicate how well each item 

describes them, using the letters A-E where A indicates that the item does not describe 

them well, and E indicates that the item does describe them well. An “A” response scores 

0, and an “E” response scores 4. There are seven items per subscale, thus scores on each 

subscale range from zero to 28, where 28 indicates high levels of that particular subscale 

of empathy. Subscales are perspective taking (example item: “I sometimes try to 

understand my friends better by imagining how things look from their perspective”), 

empathic concern (example item: “I often have tender, concerned feelings for people less 

fortunate than me”), personal distress (example item: “Being in a tense emotional 

situation scares me”), and fantasy (example item: “When I am reading an interesting story 
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or novel, I imagine how I would feel if the events in the story were happening to me”). 

The subscales of empathic concern and alexithymia were used in the current 

experiments.  

Toronto Alexithymia Scale (TAS-20). The TAS-20 (Bagby, Parker, & Taylor, 

1994) is a 20-item measure of alexithymia which is characterized by difficulty identifying 

and describing emotions as well as minimization of emotional experience with an 

externally focused attention. On each item, participants indicate to what extent they 

agree with each statement where 1 indicates strong disagreement and 5 indicates strong 

agreement. Scores are summed so that final scores range from 20 being very low 

alexithymia to 100 being very high alexithymia. The TAS-20 comprises three subscales; 

difficulty describing feelings (5 items; e.g., “It is difficult for me to find the right words for 

my feelings”), difficulty identifying feelings (7 items; e.g., “I am often confused about what 

emotion I am feeling”), and externally-oriented thinking (8 items; “I prefer to talk to 

people about their daily activities rather than their feelings”). The total score of 

alexithymia was used for the current study.  

 

Development of Stimuli for Experiment 3 (Chapter 4). 

Forty-eight participants (18 males) outside of those recruited for the tasks in Experiment 

3 filled out an online stimuli rating form. Participants were presented with 18 hand 

images (9 female hands and 9 male hands). They were asked to rate them on a scale of 1 

to 9 (with 1 = extremely masculine and 9 = extremely feminine). Out of the nine male 

stimuli, four stimuli rated as most masculine were chosen as male stimuli in the current 

experiment. Average rating for the male stimuli was 3.57. Out of the nine female stimuli, 

four stimuli rated as most feminine were chosen as female stimuli in the current 

experiment. Average rating for the female stimuli was 6.63. The eighteen stimuli and 

participant ratings can be found here (https://osf.io/fsh9b/; folder named 

“hands_stimuli_exp3”).    

https://osf.io/fsh9b/
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Table S1.  
Descriptive Statistics for Experiment 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N.B. Abbreviations: N=sample size, SD=standard deviation 
 
 
 
 

A. Imitation Task - Accuracy 

Sex Compatibility N Mean SD 

female compatible 116 98.21 2.68 

female incompatible 116 90.28 6.90 

male compatible 59 98.18 2.45 

male incompatible 59 90.97 7.09 

B. Imitation Task – Reaction Time 

female compatible 116 488.02 63.76 

female incompatible 116 584.45 91.34 

male compatible 59 487.59 86.20 

male incompatible 59 571.62 101.58 

C. Flanker Task - Accuracy 

female compatible 123 94.73 7.75 

female incompatible 123 95.59 7.88 

male compatible 59 95.07 4.83 

male incompatible 59 95.64 6.085 

D. Flanker Task – Reaction Time 

female compatible 123 434.52 54.26 

female incompatible 123 491.31 63.97 

male compatible 59 421.58 60.27 

male incompatible 59 472.74 59.67 
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Table S2.  
Complete ANOVA information for Experiment 1. 
 

A. Imitation Task – Accuracy 

Effect DFn DFd F p pes 

Sex 1 173 0.2226 0.6377 0.0013 

Compatibility 1 173 258.0956 <.001 0.5987 

Sex*Compatibility 1 173 0.6016 0.439 0.0035 

B. Imitation Task – Reaction Time 

Sex 1 173 0.2598 0.6109 0.0015 

Compatibility 1 173 669.7751 <.001 0.7947 

Sex*Compatibility 1 173 3.1637 0.0771 0.018 

C. Flanker Task – Accuracy 

Sex 1 180 0.0362 0.8493 0.0002 

Compatibility 1 180 2.2379 0.1364 0.0123 

Sex*Compatibility 1 180 0.0944 0.7591 0.0005 

D. Flanker Task – Reaction Time 

Sex 1 180 3.0965 0.0802 0.0169 

Compatibility 1 180 334.1472 <.001 0.6499 

Sex*Compatibility 1 180 0.9059 0.3425 0.005 
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Table S3. Complete information of the multiple regression models with personality traits (Experiment 1). 

 

 Model 1 (Base Model); f2 = 0.51 Model 2 (Alexithymia); f2 = 0.001 Model 3 (Empathy); f2 = 0.01 Model 4 (Grandiose Narcissism); 
f2=0.01 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 

Base model 
predictors 

Constant 90.18 2.88 31.25 <.001 84.49, 
95.88 

90.19 2.89 31.19 <.001 84.49, 
95.90 

90.13 2.91 30.95 <.001 84.38, 
95.88 

89.98 2.89 31.17 <.001 84.28, 
95.68 

Mean RT 0.27 0.03 8.02 <.001 0.20,0.34 0.27 0.03 8.00 <.001 0.20, 
0.34 

0.27 0.03 7.93 
 

<.001 0.20, 
0.34 

0.28 0.034 8.10 <.001 0.21,   
0.34 

Sex 5.40 2.88 1.87 .06 -0.29, 
11.10 

5.39 2.89 1.86 .06 -0.31, 
11.10 

5.72 3.03 1.89 .06 -0.26, 
11.70 

6.08 2.93 2.07 .04 0.28, 
11.87 

Mean RT * Sex 0.10 0.03 3.01 .003 0.03, 
0.17 

0.10 0.03 2.98 .003 0.03, 
0.17 

0.10 0.03 3.02 .003 0.03, 
0.17 

0.10 0.03 2.98 .003 0.034, 
0.17 

Personality 
variables 

Alexithymia      -0.13 0.25 -0.51 .61 -0.63, 
0.37 

          

Empathic 
Concern 

          -0.05 0.7 -0.07 .95 -1.45, 
1.36 

     

Perspective 
Taking 

          -0.80 0.73 -1.09 .27 -2.24, 
0.64 

     

Grandiose 
Narcissism 

               17.72 14.75 1.20 .23 -
11.40, 
46.84 

Vulnerability 
Narcissism 

                    

Autistic-like 
Traits 

                    

Schizotypal 
Traits 

                    

Agreeableness                     

Extraversion                     
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 Model 5 (Vulnerability Narcissism); f2 
= 0.001 

Model 6 (Autism); f2 = 0.01 Model 7 (Schizotypy); f2 = 0.001 Model 8 (mini-IPIP); f2=0.01 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 
Base model 
predictors 

Constant 90.19   2.89 31.17 <.001 84.48, 
95.91 

90.66   2.89 31.39 <.001 84.96, 
96.36 

90.22  2.89 31.17 <.001 84.5, 
95.94 

90.05 2.91 30.92   <.001 84.30, 
96.80 

Mean RT 0.27   0.03   7.87 <.001 0.20, 
0.34 

0.28   0.03  8.17 <.001 0.21, 
0.34 

0.27  0.03  8.00 <.001 0.20, 
0.34 

0.28   0.03  8.06 <.001 0.21, 
0.34 

Sex 5.42  2.89   1.87 .06 -0.29, 
11.14 

4.98  2.88  1.73 .09 -0.71, 
10.68 

5.37  2.89  1.85 .06 -0.35, 
11.08 

5.65  2.98   1.89 .06 -0.24, 
11.54 

Mean RT * Sex 0.10  0.03  3.01 .003 0.03, 
0.17 

0.10  0.03  3.08 .002 0.04, 
0.17 

0.10  0.03  3.01 .003 0.03, 
0.17 

0.10   0.03  3.01 .003 0.03, 
0.17 

Personality 
variables 

Alexithymia                     
Empathic 
Concern 

                    

Perspective 
Taking 

                    

Grandiose 
Narcissism 

                    

Vulnerability 
Narcissism 

-0.14 0.47  -0.30 .76 -1.07, 
0.79 

               

Autistic-like 
Traits 

     -2.60   1.64 -1.58 .11 -5.83, 
0.64 

          

Schizotypal 
Traits 

          -0.22   0.59 -0.37 .71 -1.39, 
0.95 

     

Extraversion                2.88  3.01  0.96 .34 -3.07, 
8.83 

Agreeableness                -3.49   4.27 -0.82 .41 -
11.91, 
4.93 
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Table S4.  
Correlation matrix showing zero-order correlations (Pearson coefficients and p-values) of the predictor variables with the compatibility effect and mean 
reaction time (Experiment 1).  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Compatibility 
Effect 

Mean RT Perspective 
Taking 

Empathic 
Concern 

Alexithymia Autistic-
like traits 

Schizotypal 
traits 

Grandiose 
Narcissism 

Vulnerability 
Narcissism 

Extraversion Agreeableness 

Compatibility 
Effect 

1 0.54 -0.07 0.07 -0.05 -0.05 -0.02 0.01 -0.08 0.07 0.05 

Mean RT  0.54 1 0.02 0.16 -0.02 0.09 -0.01 -0.08 -0.14 -0.01 0.12 

Compatibility 
Effect (p-
value) 

NA <.001 0.38 0.32 0.52 0.50 0.75 0.84 0.28 0.37 0.48 

Mean RT (p-
value) 

<.001 NA 0.79 0.03 0.83 0.23 0.89 0.31 0.07 0.91 0.10 



www.manaraa.com

APPENDICES 

237 
 

 
Table S5. Complete information of the multiple regression models with personality traits and their sex*trait interaction terms (Experiment 1). 

 Model 1 (Base Model); f2 = 0.51 Model 2 (Alexithymia); f2 = 0.02 Model 3 (Empathy); f2 = 0.05 Model 4 (Grandiose Narcissism); 
f2=0.01 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 
Base 

model 
predictors 

Constant 90.1
9   

2.8
9 

31.1
7 

<.00
1 

84.48
, 

95.91 

90.2
6   

2.8
7 

31.3
9 

<.00
1 

84.58
, 

95.94 

88.0
6   

3.0
8 

28.5
7 

<.00
1 

81.97
, 

94.14 

89.7
6   

2.96 30.3
1 

<.00
1 

83.92
, 

95.61 
Mean RT 0.27   0.0

3   
7.87 <.00

1 
0.20, 
0.34 

0.27  0.0
3  

8.10 <.00
1 

0.21, 
0.34 

0.27  0.0
3  

8.09 <.00
1 

0.21, 
0.34 

0.28  0.03   8.09 <.00
1 

0.21, 
0.34 

Sex 5.42  2.8
9   

1.87 .06 -0.29, 
11.14 

5.33   2.8
7   

1.85 .06 -0.35, 
11.00 

7.14  3.0
8  

2.32 .02 1.06, 
13.23 

6.19  2.96   2.09 .04 0.34, 
12.03 

Mean RT * 
Sex 

0.10  0.0
3  

3.01 .003 0.03, 
0.17 

0.10  0.0
3  

2.99 .003 0.034
, 0.17 

0.09   0.0
3   

2.66 .01 0.02, 
0.16 

0.10  0.03   2.93 .003 0.03, 
0.17 

Personalit
y variables 

Alexithymi
a 

     -0.33  0.2
8 

-1.18 .24 -0.88, 
0.22 

          

Alexi * Sex      0.48   0.2
8   

1.71 .09 -0.07, 
1.03 

          

Empathic 
Concern 

          -0.61  0.7
5 

-0.82 .41 -2.09, 
0.86 

     

EC * Sex           1.63   0.7
5   

2.17 .03 0.15, 
3.11 

     

Perspectiv
e Taking 

          0.01
4  

0.8
1   

0.02 .99 -1.60, 
1.62 

     

PT * Sex           -1.91  0.8
1 

-2.34 .02 -3.52, 
-0.30 

     

Grandiose 
Narcissism 

               19.0
9  

15.3
1  

1.25 .21 -
11.14

, 
49.32 

GN * Sex                -5.29 15.3
1 

-0.34 .73 -
35.52

, 
24.94 
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 Model 5 (Vulnerability Narcissism); f2 
= 0.01 

Model 6 (Autism); f2 = 0.02 Model 7 (Schizotypy); f2 = 0.01 Model 8 (mini-IPIP); f2=0.02 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 
Base 

model 
predic

tors 

Constant 90.12  2.89 31.2
3 

<.00
1 

84.43
, 

95.82 

91.0
0  

2.92 31.
20 

<.00
1 

85.24
, 

96.76 

90.3
5   

2.90 31.
14 

<.00
1 

84.63
, 

96.08 

90.42  3.13 28.8538
6 

<.00
1 

84.23
, 

96.60 
Mean RT 0.27   0.03

4  
7.75 <.00

1 
0.20, 
0.33 

0.28   0.03  8.1
5 

<.00
1 

0.21, 
0.34 

0.27   0.03   7.9
3 

<.00
1 

0.20, 
0.34 

0.27 0.03  8.06264 <.00
1 

0.20, 
0.34 

Sex 5.38   2.89  1.86 .06 -0.31, 
11.08 

4.62   2.92   1.5
8 

.11 -1.14, 
10.37 

5.23   2.90   1.8
0 

.07 -0.50, 
10.96 

5.32 3.13 1.69889 .09 -0.86, 
11.51 

Mean RT * Sex 0.11   0.03  3.20 .002 0.04, 
0.18 

0.10   0.03  3.0
0 

.003 0.03, 
0.17 

0.10   0.03   3.0
4 

.003 0.04, 
0.17 

0.10  0.03 2.92802 .004 0.03, 
0.17 

Vulnerability 
Narcissism 

-0.30  0.48 -0.61  .54 -1.25, 
0.66 

               

VN * Sex 0.67  0.48  1.39 .17 -0.28, 
1.63 

               

Autistic-like 
Traits 

     -3.10   1.73 -
1.7
8 

.07 -6.53, 
0.33 

          

AT * Sex      1.53 1.73  0.8
8 

.38 -1.89, 
4.96 

          

Schizotypal 
Traits 

          -0.42   0.64 -
0.6
6 

.51 -1.68, 
0.84 

     

ST * Sex           0.53 0.64  0.8
4 

.40 -0.72, 
1.80 

     

Agreeablenes
s 

               -3.06 4.91 -0.62 .53 -
12.75
, 6.63 

Agree * Sex                0.83   4.91  0.17 .21 -8.86, 
10.52 

Extraversion                4.14  3.32   1.25 .86   -
2.41, 
10.68 

 Extra * Sex                -3.63   3.32 -1.09 .27 -
10.18
, 2.92 
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Table S6. 
Descriptive Statistics for Experiment 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

A. Imitation Task - Accuracy 

Sex Compatibility N Mean SD 

female compatible 116 95.7474337 3.39595366 
female incompatible 116 92.3880697 5.3978881 
male compatible 107 96.3342589 2.55139733 
male incompatible 107 93.2219602 6.10469398 

B. Imitation Task – Reaction Time 

female compatible 116 448.423802 46.1914623 
female incompatible 116 481.195323 57.5410987 
male compatible 107 438.679551 44.0087827 
male incompatible 107 464.465991 49.3650946 

C. Flanker Task - Accuracy 

female compatible 116 97.6054849 2.61173661 
female incompatible 116 88.721221 12.4278259 
male compatible 101 98.346959 1.79034068 
male incompatible 101 91.7085145 6.58600053 

D. Flanker Task – Reaction Time 

female compatible 116 404.986331 56.1742997 
female incompatible 116 499.853571 54.545204 
male compatible 101 404.193441 53.7338331 
male incompatible 101 498.077058 50.0164191 
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Table S7.  
Complete ANOVA information for Experiment 2. 
 

A. Imitation Task - Accuracy 

Effect DFn DFd F p pes 

Sex 1 221 1.8695 0.1729 0.0084 
Compatibility 1 221 96.2253 <.001 0.3033 

Sex*Compatibility 1 221 0.1402 0.7084 0.0006 
B. Imitation Task – Reaction Time 

Sex 1 221 4.235 0.0408 0.0188 
Compatibility 1 221 293.1808 <.001 0.5702 

Sex*Compatibility 1 221 4.1716 0.0423 0.0185 
C. Flanker Task - Accuracy 

Sex 1 215 5.7793 0.0171 0.0262 
Compatibility 1 215 151.3335 <.001 0.4131 

Sex*Compatibility 1 215 3.1677 0.0765 0.0145 
D. Flanker Task – Reaction Time 

Sex 1 215 0.0336 0.8547 0.0002 
Compatibility 1 215 1986.8939 <.001 0.9024 

Sex*Compatibility 1 215 0.054 0.8165 0.0003 
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Table S8. Complete information of the multiple regression models with personality traits (Experiment 2). 

 
 

 Model 1 (Base Model); f2 = 0.19 Model 2 (Alexithymia); f2 = <0.001 Model 3 (Empathy); f2 = 0.005 
Predictors B SEB t p CI B SEB t p CI B SEB t p CI 

Base 
model 

predictors 

Constant 29.24  1.69 17.32  <.001 25.91, 
32.56 

29.24  1.69270 17.28   <.001 25.91, 
32.58 

29.11  1.70 17.16  <.001   
25.77, 
32.46 

Mean RT 0.19 0.03  5.37 <.001 -1.19, 
5.45 

0.19   0.03509   5.36 <.001 -1.19, 
5.48 

0.19  0.03   5.42 <.001 0.12, 
0.26 

Sex 2.14  1.69  1.27 .21 0.12, 
0.26 

  2.15   1.69243   1.27 .21 0.12, 
0.26 

2.70   1.86  1.45 .15 -0.96, 
6.37 

Mean RT * 
Sex 

0.07 0.03  1.90 .06 -
0.002, 
0.13 

0.07   0.03509   1.89   .06 -0.32, 
0.27 

0.07  0.03  1.91 .06 -
0.002, 
0.14 

Personality 
variables 

Alexithymia      -0.02   0.14997 -0.16 .87 -
0.002, 
0.13 

     

Empathic 
Concern 

          -0.31   0.42 -0.74 .46 -1.13, 
0.51 

Perspective 
Taking 

          0.43 0.43  0.99 .32 -0.42, 
1.28 
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Table S9.  
Correlation matrix showing zero-order correlations (Pearson coefficients and p-values) of the predictor variables with the compatibility effect and mean 
reaction time (Experiment 2).  
  

Compatibility 
Effect 

Mean RT Alexithymia Perspective 
Taking 

Empathic 
Concern 

Compatibility 
Effect 

1 0.37 0.004 0.03 0.05 

Mean RT 0.37 1 0.05 -0.06 0.06 

Compatibility 
Effect (p-
value) 

1 <.001 0.95 0.68 0.48 

Mean RT (p-
value) 

<.001 1 0.46 0.38 0.40 
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Table S10.  
Complete information of the multiple regression models with personality traits and their sex*trait interaction terms (Experiment 2). 

 
 

 Model 1 (Base Model); f2 = 0.19 Model 2 (Alexithymia); f2 = 0.01 Model 3 (Empathy); f2 = 0.01 
Predictors B SEB t p CI B SEB t p CI B SEB t p CI 

Base 
model 

predictors 

Constant 29.24  1.69 17.32  <.001 25.91, 
32.56 

29.19  1.69 17.26 <.001 25.85, 
32.52 

29.12 1.87 15.56 <.001 25.43, 
32.81 

Mean RT 0.19 0.03  5.37 <.001 -1.19, 
5.45 

0.19   0.03   5.42 <.001 0.12, 
0.26 

0.19   0.039  5.33 <.001 0.12, 
0.26 

Sex 2.14  1.69  1.27 .21 0.12, 
0.26 

2.08   1.69   1.23 .22 -1.25, 
5.41 

2.67   1.87   1.43 .15 -1.01, 
6.36 

Mean RT * 
Sex 

0.07 0.03  1.90 .06 -
0.002, 
0.13 

0.06  0.03  1.82 .07 -
0.005, 
0.13 

0.07   0.03  1.92 .06 -0.002, 
0.14 

Personality 
variables 

Alexithymia      -0.03   0.15 -0.20 .84 -0.32, 
0.27 

     

Alexi * Sex      0.18   0.15   1.21 .23 -0.11, 
0.48 

     

Empathic 
Concern 

          -0.31  0.43 -0.73 .46 -1.16, 
0.53 

EC * Sex           -
0.004  

0.43 -0.01 .99 -0.85, 
0.84 

Perspective 
Taking 

          0.41  0.44 0.94 .35 -0.45, 
1.28 

PT * Sex           0.15  0.44 0.33 .74 -0.72, 
1.01 
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Table S11.  
Descriptive Statistics for Experiment 3. 

A. Spatial Compatibility - Accuracy 

Sex 
Spatial 

Compatibility 
Stimulus 

Sex N Mean SD 

female Spatial Compatible female 92 96.35413 3.90492256 

female Spatial Compatible male 92 96.1696395 3.95753095 

female Spatial Incompatible female 92 86.1331652 6.65471092 

female Spatial Incompatible male 92 92.122774 7.09003734 

male Spatial Compatible female 97 96.0115023 5.22027902 

male Spatial Compatible male 97 96.1057142 4.97390812 

male Spatial Incompatible female 97 85.7965344 7.58244008 

male Spatial Incompatible male 97 92.0855767 7.70425654 

B. Spatial Compatibility – Reaction Time 

Sex 
Spatial 

Compatibility 
Stimulus 

Sex N Mean SD 

female Spatial Compatible female 92 431.198365 52.678426 

female Spatial Compatible male 92 430.740814 50.2367702 

female Spatial Incompatible female 92 469.846832 54.5336491 

female Spatial Incompatible male 92 466.64636 58.2847811 

male Spatial Compatible female 97 424.35871 63.624757 

male Spatial Compatible male 97 419.902758 57.3842241 

male Spatial Incompatible female 97 453.505451 64.8873388 

male Spatial Incompatible male 97 452.242503 65.736253 

C. Imitative Compatibility - Accuracy 

Sex 
Spatial 

Compatibility 
Stimulus 

Sex N Mean SD 

female Spatial Compatible female 92 96.35413 3.90492256 

female Spatial Compatible male 92 96.1696395 3.95753095 

female Spatial Incompatible female 92 86.1331652 6.65471092 

female Spatial Incompatible male 92 92.122774 7.09003734 

male Spatial Compatible female 97 96.0115023 5.22027902 

male Spatial Compatible male 97 96.1057142 4.97390812 

male Spatial Incompatible female 97 85.7965344 7.58244008 

male Spatial Incompatible male 97 92.0855767 7.70425654 

D. Imitative Compatibility – Reaction Time 

Sex 
Spatial 

Compatibility 
Stimulus 

Sex N Mean SD 

female Spatial Compatible female 92 447.044795 51.1427468 

female Spatial Compatible male 92 443.816099 52.9400457 

female Spatial Incompatible female 92 454.000402 54.208876 

female Spatial Incompatible male 92 453.571075 54.4368132 

male Spatial Compatible female 97 434.023539 60.997859 

male Spatial Compatible male 97 433.959945 60.0391406 

male Spatial Incompatible female 97 443.840622 66.7307088 

male Spatial Incompatible male 97 438.185316 62.0975039 
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Table S12. Complete ANOVA information for Experiment 3. 
A. Spatial Compatibility - Accuracy 

Effect DFn DFd F p pes 
Sex 1 187 0.0617 0.8041 0.0003 

Spatial Compatibility 1 187 563.3472 <.001 0.7508 
Stimulus Sex 1 187 335.474 <.001 0.6421 
Sex * Spatial 

Compatibility 1 187 0.0007 0.9783 0 
Sex * Stimulus Sex 1 187 0.7548 0.3861 0.004 

Spatial Compatibility * 
Stimulus Sex 1 187 202.3158 <.001 0.5197 
Sex * Spatial 

Compatibility * 
Stimulus Sex 1 187 0.0006 0.981 0 

B. Spatial Compatibility – Reaction Time 
Sex 1 187 2.1401 0.1452 0.0113 

Spatial Compatibility 1 187 459.7064 <.001 0.7108 
Stimulus Sex 1 187 5.6324 0.0186 0.0292 
Sex * Spatial 

Compatibility 1 187 4.2416 0.0408 0.0222 
Sex * Stimulus Sex 1 187 0.2721 0.6026 0.0015 

Spatial Compatibility * 
Stimulus Sex 1 187 0.0102 0.9197 0.0001 
Sex * Spatial 

Compatibility * 
Stimulus Sex 1 187 1.7706 0.1849 0.0094 

C. Imitative Compatibility – Accuracy 
Effect DFn DFd F P pes 

Sex 1 187 0.0617 0.8041 0.0003 
Imitative Compatibility 1 187 205.6503 <.001 0.5237 

Stimulus Sex 1 187 335.474 <.001 0.6421 
Sex * Imitative 
Compatibility 1 187 1.8084 0.1803 0.0096 

Sex * Stimulus Sex 1 187 0.7548 0.3861 0.004 
Imitative Compatibility 

* Stimulus Sex 1 187 162.977 <.001 0.4657 
Sex * Imitative 
Compatibility * 

Stimulus Sex 1 187 1.3429 0.248 0.0071 
D. Imitative Compatibility – Reaction Time 

Sex 1 187 2.1401 0.1452 0.0113 
Imitative Compatibility 1 187 54.9629 <.001 0.2272 

Stimulus Sex 1 187 5.7021 0.0179 0.0296 
Sex * Imitative 
Compatibility 1 187 0.4153 0.5201 0.0022 

Sex * Stimulus Sex 1 187 0.2721 0.6026 0.0015 
Imitative Compatibility 

* Stimulus Sex 1 187 0.4982 0.4812 0.0027 
Sex * Imitative 
Compatibility * 

Stimulus Sex 1 187 3.8582 0.051 0.0202 
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Table S13. Complete information of the multiple regression models with personality traits. (Experiment 3 – Imitative Compatibility) 

 
 
 

 Model 1 (Base Model); f2 = 0.05 Model 2 (Alexithymia); f2 = 0.001 Model 3 (Empathy); f2 = 0.03 Model 4 (Grandiose Narcissism); f2=0.01 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 

Base model 
predictors 

Constant 7.59   1.04   7.27 <.001 5.53, 
9.65 

7.58   1.05   7.24 <.001 5.51, 
9.64 

7.58612   1.03682   7.31672 <.001 5.54, 
9.63 

7.63  1.0  7.31 <.001 5.57, 
9.69 

Mean RT 0.05   0.02   2.79 .006 -1.83, 
2.29 

0.05   0.02   2.74 .007 0.01, 
0.09 

0.05292   0.01823   2.90220 .004 0.02, 
0.09 

0.05  0.02   2.79 .006 0.01, 
0.09 

Sex 0.23   1.04   0.22 .82 0.01, 
0.089 

0.26  1.05   0.25 .80 -
1.80, 
2.33 

0.73463   1.07862   0.68108 .50 -
1.39, 
2.86 

0.64  1.11   0.58 .56 -1.55, 
2.84 

Mean RT * Sex -
0.00   

0.02 -
0.21 

.83 -0.04, 
0.03 

-
0.003  

0.02 -
0.19 

.84 -
0.04, 
0.03 

-
0.00381   

0.01824 -
0.20880 

.83 -
0.04, 
0.03 

-0.004  0.02 -0.24 .81 -0.04, 
0.03 

Personality 
variables 

Alexithymia      0.05  0.09   0.51 .61 -
0.14, 
0.23 

          

Empathic 
Concern 

          -
0.50825   

0.24371 -
2.08551 

.04 -
0.99, 

-
0.03 

     

Perspective 
Taking 

          0.31568   0.23599   1.33765 .18 -
0.15, 
0.78 

     

Grandiose 
Narcissism 

               6.04   5.70  1.06 .29 -5.21, 
17.29 

Vulnerability 
Narcissism 

                    

Autistic-like 
Traits 

                    

Schizotypal 
Traits 

                    

Agreeableness                     

Extraversion                     
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 Model 5 (Vulnerability 
Narcissism); f2 = <0.001 

Model 6 (Autism); f2 = <0.001 Model 7 (Schizotypy); f2 = 0.002 Model 8 (mini-IPIP); f2=0.03 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 
Base model 
predictors 

Constant 7.58  1.05  7.23 <.001 5.51, 
9.65 

7.59 1.05   7.25 <.001 5.52, 
9.65 

7.62  1.04  7.28 <.001 5.56, 
9.69 

7.61  1.04   7.33 <.001 5.56, 
9.66 

Mean RT 0.05   0.02  2.79 .006 0.01, 
0.09 

0.05   0.02   2.78 .006 0.01, 
0.09 

0.05 0.02   2.69 .008 0.01, 
0.09 

0.05  0.02   2.58 .01 0.01, 
0.08 

Sex 0.24 
 

1.05   0.23 .82 -1.83, 
2.30 

0.23   1.05   0.23 .83 -1.84, 
2.29 

0.11  1.06  0.10 .92 -
1.99, 
2.20 

0.51  1.04  0.49 .62 -1.55, 
2.57 

Mean RT * Sex -
0.004  

0.02 -0.21 .83 -0.04, 
0.03 

-
0.004  

0.02 -0.22 .83 -0.04, 
0.03 

-
0.004  

0.02 -0.25 .80 -
0.04, 
0.03 

-0.003  0.02 -0.17 .86 -0.04, 
0.03 

Personality 
variables 

Alexithymia                     
Empathic 
Concern 

                    

Perspective 
Taking 

                    

Grandiose 
Narcissism 

                    

Vulnerability 
Narcissism 

0.05  0.18  0.28 .78 -0.31, 
0.41 

               

Autistic-like 
Traits 

     0.09  0.56   0.16 .87 -1.01, 
1.19 

          

Schizotypal 
Traits 

          -0.14  0.21 -0.68 .50 -
0.56, 
0.27 

     

Extraversion                1.82 1.09   1.67 .10 -0.33, 
3.96 

Agreeableness                -2.68  1.53 -1.75 .08 -5.70, 
0.34 
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Table S14. 
Correlation matrix showing zero-order correlations (Pearson coefficients and p-values) of the predictor variables with the imitative compatibility effect and 
mean reaction time (Experiment 3).  
  

Imitative 
Compatibilit
y Effect 

Mean RT Perspectiv
e Taking 

Empathic 
Concern 

Alexithymi
a 

Autistic-
like traits 

Schizotyp
al traits 

Grandiose 
Narcissis
m 

Vulnerabilit
y 
Narcissism 

Extraversio
n 

Agreeablene
ss 

Imitative 
Compatibilit
y Effect 1 0.21 0.04 -0.10 0.05 0.01 -0.08 0.05 0.01 0.11 -0.10 
Mean RT  

0.21 1 0.005 0.07 0.07 0.02 -0.12 -0.05 -0.02 0.09 -0.02 
Compatibilit
y Effect (p-
value) 1 0.003 0.54 0.18 0.49 0.83 0.30 0.46 0.83 0.13 0.15 
Mean RT (p-
value) 

0.003 1 0.95 0.35 0.37 0.80 0.09 0.49 0.79 0.23 0.77 
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Table S15. Complete information of the multiple regression models with personality traits and their sex*trait interaction terms (Experiment 3 – Imitative 
Compatibility). 

 Model 5 (Vulnerability Narcissism); f2 
= 0.01 

Model 6 (Autism); f2 = 0.005 Model 7 (Schizotypy); f2 = 0.003 Model 8 (mini-IPIP); f2=0.04 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 
Base model 
predictors 

Constant 7.62   1.04   7.29 <.001 5.56, 
9.68 

7.60   1.05   7.26 <.001  7.57   1.06   7.11 <.001 5.46, 
9.67 

7.73 1.04   7.39 <.001 5.66, 9.79 

Mean RT 0.05  0.02  2.79 .006 0.01, 
0.09 

0.05   0.02 2.82 .005  0.05   0.02  2.66 .008 0.01, 
0.09 

0.04   0.02   2.42 .02   0.01, 0.08 

Sex 0.17 1.04  0.16 .87 -1.89, 
2.23 

0.25   1.05   0.24 .81  0.12  1.06   0.11 .91 -1.98, 
2.22 

0.64   1.04  0.62 .54 -1.42, 2.71 

Mean RT * Sex -
0.003  

0.02 -0.19 .85 -0.04, 
0.03 

-
0.004  

0.02 -0.20 .84  -
0.005   

0.02 -0.28 .78 -0.04, 
0.03 

-0.01  0.02 -0.35 .73 -0.04, 0.03 

Personality 
variables 

Alexithymia                     
Alexi * Sex                     
Empathic 
Concern 

                    

EC * Sex                     
Perspective 

Taking 
                    

PT * Sex                     
Grandiose 
Narcissism 

                    

GN * Sex                     
Vulnerability 

Narcissism 
0.04  0.18  0.23 .82 -0.32, 

0.40 
               

VN * Sex 0.26  0.18  1.43 .15 -0.10, 
0.62 

               

Autistic-like 
Traits 

     0.15 0.56   0.26 .79            

AT * Sex      -0.54  0.56 -0.97 .33            
Schizotypal 

Traits 
          -0.14  0.21 -0.68 .49 -0.56, 

0.27 
     

ST * Sex           -0.06  0.21 -0.31 .76 -0.48, 
0.35 

     

Extraversion               2.06   1.10   1.87273  .06 -0.11, 4.24 

Extra * Sex               1.71  1.10   1.55202  .12 -0.46, 3.88 

Agreeableness               -2.91   1.53 -
1.89570 

 .06   -5.93, 
0.12 

 Agree * Sex               0.19   1.53  0.12756  .89 -2.83, 3.22 
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 Model 1 (Base Model); f2 = 0.05 Model 2 (Alexithymia); f2 = 0.02 Model 3 (Empathy); f2 = 0.03 Model 4 (Grandiose Narcissism); 
f2=0.01 

Predictors B SEB t p CI B SEB t p CI B SEB t p CI B SEB t p CI 
Base model 
predictors 

Constant 7.59   1.04   7.27 <.001 5.53, 
9.65 

7.60  1.05   7.24 <.001 5.53, 
9.68 

7.78   1.09   7.14 <.001 5.63, 
9.93 

7.93 1.14   6.97 <.001 5.68, 
10.17 

Mean RT 0.05   0.02   2.79 .006 -1.83, 
2.29 

0.05   0.02   2.75 .007 -1.82, 
2.33 

0.05  0.02  2.93 .004 0.02, 
0.09 

0.05  0.02 2.76 .006 -1.45, 
3.04 

Sex 0.23   1.04   0.22 .82 0.01, 
0.089 

0.25  1.05   0.24 .81 0.01, 
0.09 

0.71   1.09   0.65 .51 -1.44, 
2.86 

0.79   1.14  0.69 .49 0.01, 
0.09 

Mean RT * Sex -0.00   0.02 -0.21 .83 -0.04, 
0.03 

-
0.004   

0.02 -0.22 .82 -0.04, 
0.03 

-
0.003  

0.02 -0.19 .85 -0.04, 
0.03 

-
0.004   

0.02 -0.25 .80 -0.04, 
0.03 

Personality 
variables 

Alexithymia      0.05  0.09   0.54 .59 -0.13, 
0.24 

          

Alexi * Sex      0.04  0.09   0.40 .69 -0.15, 
0.22 

          

Empathic 
Concern 

          -0.51  0.28 -1.84 .07 -1.06, 
0.04 

     

EC * Sex           -0.09   0.28 -0.32 .74 -0.64, 
0.46 

     

Perspective 
Taking 

          0.31   0.26   1.20 .23 -0.20, 
0.82 

     

PT * Sex           -0.14   0.26 -0.53 .60 -0.65, 
0.37 

     

Grandiose 
Narcissism 

               7.75  6.27   1.24 .21 -4.62, 
20.13 

GN * Sex                4.14  6.27   0.66 .51 -8.23, 
16.52 

Vulnerability 
Narcissism 

                    

VN * Sex                     
Autistic-like 

Traits 
                    

AT * Sex                     
Schizotypal 

Traits 
                    

ST * Sex                     
Agreeableness                     

Agree * Sex                     
Extraversion                     

 Extra * Sex                     
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Table S16. Complete information of the multiple regression models with personality traits. (Experiment 3 – Spatial Compatibility) 
  
Base Model Alexithymia Empathy Autistic-like 

traits 
Schizotypal 

traits 
Grandiose 
Narcissism 

Vulnerability 
Narcissism 

Mini IPIP 
(Agreeableness 
& Extraversion) 

 B CI p B CI p B CI p B CI p B CI p B CI p B CI p B CI p 
Interce
pt 

33
.7
6 

30.66 
– 36.8

7 

<0.
00
1 

33
.7
9 

30.68 
– 36.9

0 

<0.
00
1 

33
.7
8 

30.72 
– 36.8

5 

<0.
00
1 

33
.8
1 

30.70 
– 36.9

1 

<0.
00
1 

33
.8
2 

30.71 
– 36.9

3 

<0.
00
1 

33
.6
9 

30.59 
– 36.7

9 

<0.
00
1 

33
.8
2 

30.71 
– 36.9

3 

<0.
00
1 

33
.7
6 

30.64 
– 36.8

9 

<0.
00
1 

Sex 2.
74 

-
0.37 – 

5.84 

0.0
86 

2.
66 

-
0.45 – 

5.78 

0.0
96 

3.
48 

0.29 – 
6.67 

0.0
34 

2.
77 

-
0.33 – 

5.87 

0.0
82 

2.
51 

-
0.64 – 

5.67 

0.1
20 

1.
99 

-
1.32 – 

5.30 

0.2
41 

2.
70 

-
0.41 – 

5.81 

0.0
90 

2.
80 

-
0.34 – 

5.95 

0.0
82 

Mean 
RT 

0.
08 

0.02 – 
0.13 

0.0
08 

0.
08 

0.02 – 
0.13 

0.0
07 

0.
08 

0.02 – 
0.13 

0.0
05 

0.
08 

0.02 – 
0.13 

0.0
07 

0.
07 

0.02 – 
0.13 

0.0
11 

0.
08 

0.02 – 
0.13 

0.0
08 

0.
07 

0.02 – 
0.13 

0.0
08 

0.
07 

0.02 – 
0.13 

0.0
09 

Sex*M
ean RT 

-
0.
01 

-
0.06 – 

0.05 

0.8
13 

-
0.
01 

-
0.06 – 

0.05 

0.7
98 

-
0.
01 

-
0.06 – 

0.05 

0.7
92 

-
0.
01 

-
0.06 – 

0.05 

0.8
55 

-
0.
01 

-
0.06 – 

0.05 

0.7
75 

-
0.
01 

-
0.06 – 

0.05 

0.8
44 

-
0.
01 

-
0.06 – 

0.05 

0.8
15 

-
0.
01 

-
0.06 – 

0.05 

0.8
23 

Alexith
ymia 

   
-
0.
11 

-
0.38 – 

0.17 

0.4
58 

                  

Perspe
ctive 
Taking 

      
0.
73 

0.03 – 
1.43 

0.0
41 

               

Empat
hic 
Concer
n 

      
-
0.
86 

-
1.58 – 
-0.14 

0.0
21 

               

Autisti
c-like 
traits 

         
-
0.
98 

-
2.64 – 

0.67 

0.2
44 

            

Schizot
ypal 
traits 

            
-
0.
26 

-
0.89 – 

0.37 

0.4
24 

         

Grandi
ose 

               
-

10
-

27.84 
– 6.04 

0.2
09 
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Narcis
sism 

.9
0 

Vulner
ability 
Narcis
sism 

                  
-
0.
22 

-
0.77 – 

0.32 

0.4
17 

   

Extrav
ersion 

                     
0.
37 

-
2.91 – 

3.65 

0.8
25 

Agreea
blenes
s 

                     
-
0.
69 

-
5.30 – 

3.91 

0.7
68 

Observ
ations 

185 185 185 185 185 185 185 185 

R2 / 
R2adju
sted 

0.063 / 0.048 0.066 / 0.045 0.099 / 0.074 0.070 / 0.050 0.066 / 0.046 0.071 / 0.051 0.067 / 0.046 0.064 / 0.038 
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Supplementary Table 17. Multiple regression models with personality traits and their sex*trait interaction terms (Experiment 3 – Spatial Compatibility). 
  

Base Model Alexithymia Empathy Autistic-like 
traits 

Schizotypal 
traits 

Grandiose 
Narcissism 

Vulnerability 
Narcissism 

Mini IPIP 
(Agreeableness 
& Extraversion) 

 B CI p B CI p B CI p B  CI p B CI p B CI p B CI p B CI p 
Intercep
t 

33
.7
6 

30.66 
– 36.8

7 

<0.
00
1 

33
.7
5 

30.63 
– 36.8

7 

<0.
00
1 

33
.9
3 

30.70 
– 37.1

5 

<0.
00
1 

33
.8
4 

30.74 
– 36.9

3 

<0.
00
1 

33
.5
7 

30.41 
– 36.7

2 

<0.
00
1 

32
.8
8 

29.51 
– 36.2

5 

<0.
00
1 

33
.8
2 

30.70 
– 36.9

4 

<0.
00
1 

33.
91 

30.74 
– 37.0

8 

<0.
00
1 

Sex 2.
74 

-
0.37 –
 5.84 

0.0
86 

2.
68 

-
0.45 –
 5.80 

0.0
95 

3.
52 

0.30 –
 6.75 

0.0
34 

2.
81 

-
0.28 –
 5.91 

0.0
76 

2.
57 

-
0.59 –
 5.73 

0.1
12 

1.
59 

-
1.78 –
 4.96 

0.3
56 

2.
71 

-
0.41 –
 5.83 

0.0
90 

2.8
8 

-
0.28 –
 6.05 

0.0
76 

Mean RT 0.
08 

0.02 –
 0.13 

0.0
08 

0.
08 

0.02 –
 0.13 

0.0
07 

0.
08 

0.02 –
 0.13 

0.0
05 

0.
08 

0.02 –
 0.13 

0.0
06 

0.
07 

0.02 –
 0.13 

0.0
13 

0.
08 

0.02 –
 0.13 

0.0
07 

0.
07 

0.02 –
 0.13 

0.0
08 

0.0
7 

0.02 –
 0.13 

0.0
11 

Sex*Mea
n RT 

-
0.
01 

-
0.06 –
 0.05 

0.8
13 

-
0.
01 

-
0.06 –
 0.05 

0.8
20 

-
0.
01 

-
0.06 –
 0.05 

0.8
04 

-
0.
00 

-
0.06 –
 0.05 

0.8
75 

-
0.
01 

-
0.07 –
 0.04 

0.6
96 

-
0.
01 

-
0.06 –
 0.05 

0.8
55 

-
0.
01 

-
0.06 –
 0.05 

0.8
15 

-
0.0
1 

-
0.06 –
 0.05 

0.7
51 

Alexithy
mia 

   
-
0.
11 

-
0.39 –
 0.17 

0.4
42 

                  

Alexithy
mua*Sex 

   
-
0.
06 

-
0.34 –
 0.22 

0.6
73 

                  

Perspect
ive 
Taking 

      
0.
77 

0.00 –
 1.54 

0.0
50 

               

Empathi
c 
Concern 

      
-
0.
91 

-
1.74 –
 -0.09 

0.0
31 

               

Perspect
ive 
Taking*S
ex 

      
0.
05 

-
0.72 –
 0.81 

0.9
07 

               

Empathi
c 

      
-
0.
12 

-
0.95 –
 0.70 

0.7
67 
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Concern
*Sex 

Autistic-
like 
traits 

         
-
0.
87 

-
2.53 –
 0.79 

0.3
06 

            

Autistic-
like 
traits*Se
x 

         
-
1.
14 

-
2.80 –
 0.52 

0.1
79 
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-
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26 
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0.89 –
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0.4
10 
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30 
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0.3
57 

         

Grandio
se 
Narcissis
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-
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0.1
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-
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-
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-
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0.4
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-
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-
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-
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Agreeabl
ness 

                     
-

0.8
7 

-
5.52 –
 3.77 

0.7
12 

Extraver
sion*Sex 

                     
1.3
6 

-
1.98 –
 4.70 

0.4
26 

Agreeabl
eness*Se
x 

                     
-

0.7
6 

-
5.41 –
 3.89 

0.7
49 

Observat
ions 

185 185 185 185 185 185 185 185 

R2 / 
R2 adjust
ed 

0.063 / 0.048 0.067 / 0.041 0.099 / 0.064 0.080 / 0.054 0.071 / 0.045 0.079 / 0.053 0.067 / 0.041 0.067 / 0.030 
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Figure S1. Compatibility Effect by Emotion Type. Illustrating general invariance of the 
general compatibility effect (measured in milliseconds on the Y axis) to the emotional 
expression signalled by the interacting partner.   
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Figure S2. Zero-order correlations illustrating relationship between predictor variables (personality 
traits) and the general compatibility effect. The X axis denotes the general compatibility effect in 
milliseconds. The Y axis denotes mean-centred scores on personality traits. Abbreviations: RTms = 
reaction time in milliseconds.  
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Figure S3. Experiment 1 – Multiple Regression Analyses, Sex*Trait Interactions. Values 
of standardised coefficients are plotted for each predictor variable (personality trait), 
and the sex*trait interaction, along with their corresponding uncertainties (95% 
confidence interval width for a normal distribution for each estimate). Coefficients 
are standardised by dividing by two standard deviation units according to Gelman 
(2008). The base model consists in the bottom three predictor variables (depicted in 
violet) – mean RT, Sex, and meanRT*Sex. Abbreviations: RT = Reaction Time.  
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Figure S4. Zero order correlations illustrating the relationships between each 
predictor variable (personality trait) and the orthogonal compatibility effect.  The X 
axis denotes the orthogonal compatibility effect in milliseconds. The Y axis denotes 
mean-centred scores on personality traits. Abbreviations: RTms = reaction time in 
milliseconds.  
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Figure S5. Experiment 2 – Multiple Regression Analyses, Sex*Trait Interactions. Values 
of standardised coefficients are plotted for each predictor variable (personality trait), 
and the sex*trait interaction, along with their corresponding uncertainties (95% 
confidence interval width for a normal distribution for each estimate). Coefficients are 
standardised by dividing by two standard deviation units according to Gelman (2008). 
The base model consists in the bottom three predictor variables (depicted in violet) – 
mean RT, Sex, and meanRT*Sex. Abbreviations: RT = Reaction Time.  
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Figure S6. Zero order correlations illustrating the relationships between each 
predictor variable (personality trait) and the imitative compatibility effect.  The X axis 
denotes the imitative compatibility effect in milliseconds. The Y axis denotes mean-
centred scores on personality traits. Abbreviations: RTms = reaction time in 
milliseconds.  
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Figure S7. Experiment 3 (Imitative Compatibility) – Multiple Regression Analyses, 
Sex*Trait Interactions. Values of standardised coefficients are plotted for each 
predictor variable (personality trait), and the sex*trait interaction, along with their 
corresponding uncertainties (95% confidence interval width for a normal distribution 
for each estimate). Coefficients are standardised by dividing by two standard deviation 
units according to Gelman (2008). The base model consists in the bottom three 
predictor variables (depicted in violet) – mean RT, Sex, and meanRT*Sex. 
Abbreviations: RT = Reaction Time. 
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Figure S8. Experiment 3 (Spatial Compatibility) – Multiple Regression Analyses. Values 
of standardised coefficients are plotted for each predictor variable (personality trait), 
along with their corresponding uncertainties (95% confidence interval width for a 
normal distribution for each estimate). Coefficients are standardised by dividing by 
two standard deviation units according to Gelman (2008). The base model consists in 
the bottom three predictor variables (depicted in violet) – mean RT, Sex, and 
meanRT*Sex. Abbreviations: RT = Reaction Time. 
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Figure S9. Experiment 3 (Spatial Compatibility) – Multiple Regression Analyses, 
Sex*Trait Interactions. Values of standardised coefficients are plotted for each 
predictor variable (personality trait), and the sex*trait interaction, along with their 
corresponding uncertainties (95% confidence interval width for a normal distribution 
for each estimate). Coefficients are standardised by dividing by two standard deviation 
units according to Gelman (2008). The base model consists in the bottom three 
predictor variables (depicted in violet) – mean RT, Sex, and meanRT*Sex. 
Abbreviations: RT = Reaction Time. 
 

 




