
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


The continuity between brains: Mental simulation of facial expressions 

Ozge Karakale 

A thesis submitted in fulfilment of the requirements for the degree of Doctor of 
Philosophy in Psychology, The University of Auckland, 2019. 



 

ii 
 

Abstract 

Understanding emotions from facial expressions is an essential component of social 

interaction. Mental simulation, a neural mimicry mechanism, has been proposed as the neural 

process that allows action and emotion understanding. Single-cell and brain imaging research 

indicates that a category of motor neurons, called mirror neurons, that are activated during 

both action execution and action observation may be the neural substrate for this simulation. 

Sensorimotor cortex plays a key role in mental simulation. Electroencephalography (EEG) 

studies in the field of action recognition have investigated sensorimotor oscillations in the 

alpha (8 – 13 Hz) and beta (14 – 25 Hz) bands, called the mu rhythm, to improve our 

understanding of the shared neural circuitry associated with action execution and observation. 

EEG mu studies which reported suppression in the mu rhythm during action execution, 

observation and imagery have associated mu modulation with the activity of the mirror 

neuron network (MNN). Recent findings from the MNN research indicate that action 

simulation extends beyond crude motor mimicry, and reflects higher order cognitive 

processing, including understanding other minds. The current thesis provides an in-depth 

investigation of the relation of the mu rhythm to understanding emotions from faces.  

The thesis reports six studies on the activity of the mu rhythm during observation of 

different types of facial movements, and the link between mu modulation, empathic ability 

and autism traits in typical individuals and individuals with autism. Study 1 showed that mu 

suppression (8 – 13 Hz) was greater while viewing dynamic images depicting mouth opening 

compared to non-biological movement, but there was no difference in mu suppression levels 

between kaleidoscope and happy or sad face images. This result was in the opposite direction 

to the initial hypothesis. We concluded that easily recognisable happy or sad faces do not 

activate the mirroring mechanism to a similar extent as unusual/ambiguous movement. Study 

2 followed up on these unexpected results, and investigated mu modulation associated with 

categorising happy, sad and neutral static images of faces as happy or sad. As predicted, 
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greater mu suppression was observed in the neutral compared to happy or sad face 

conditions. These findings suggest that unusualness/ambiguity of social information might 

evoke greater sensorimotor activity compared to usual/unambiguous stimuli to aid the 

meaning-making process. In both studies, occipital alpha activity was controlled for in order 

to ensure that mu rather than alpha modulation was captured. EEG data from these two 

experiments were used in the following three studies. Study 3 investigated hemispheric 

laterality of mu modulation, and the link between lateralised mu modulation and self-reported 

empathic ability. There was no effect of hemisphere on mu modulation, and no relation 

between lateralised mu modulation and empathy, except a marginal correlation between 

empathy and right-hemisphere mu suppression in the dynamic happy face condition. Study 4 

showed that the results from the alpha component of the mu rhythm could not be extended to 

the beta component. Study 5 was a pilot study in which the mu modulation values of 

individuals with an autism spectrum disorder (autism) was compared to the group average of 

the neurotypicals. Findings from the present analysis and some past research suggest that the 

broken mirror neuron hypothesis of autism or other traditional cognitive theories of the 

condition cannot address the heterogeneity in autism or the dimensionality of 

psychopathology. Study 6 provide further support for a dimensional approach to mental 

health by demonstrating that greater severity of self-reported autism traits was associated 

with lower self-reported empathic ability. We apply the predictive coding account of brain 

function to emotion understanding, and discuss the relevance of our findings to a relational 

conceptualization of brain function and mental health. 
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Through others, we become ourselves. 
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CHAPTER 1: GENERAL INTRODUCTION 

1 

Chapter 1. General introduction 

1.1 The mental simulation perspective of social cognition 

We develop our identity through and define ourselves in relation to others. Actions, 

being inherently relational, allow us to communicate with our conspecifics. Emotions we 

express through our actions, especially facial gestures, link us to others, and facilitate the 

development of a shared cognition. Due to the crucial role facial expressions play in our 

perception and interpretation of others’ behaviours, understanding the differences in neural 

processes associated with the recognition of distinct types and intensities of emotional facial 

expressions is of utmost interest to the researchers in the field of social neuroscience. 

Recent interdisciplinary discussions on the neurobiological mechanisms of social 

affective processes seek to shed light on the shared origins of our perceptions, actions and 

emotions by applying the principles of the predictive coding framework of the human brain 

(e.g., Bolis & Schilbach, 2017; Fotopoulou & Tsakiris, 2017). These predictive coding 

models of intersubjectivity emphasise the role of our dynamic and reciprocal social embodied 

interactions in our perception of the world. This relational approach to human behaviour is 

also a key element of mental simulation theories of action understanding (Gallese, 2013).  

Mental simulation describes the mapping of sensory representations of others’ actions, 

emotions and sensations onto our own motor, visceral and somatosensory systems. The 

biological basis of mental simulation, which involves the activity of the motor system with its 

somatosensory and visceral connections, has been investigated at the cellular as well as the 

system level. There is evidence for the existence of a simulation mechanism for movement 

from single-cell recording experiments that reported both execution- and observation-related 

activity of a group of neurons, called mirror neurons, in the monkey frontal and parietal areas 

(di Pellegrino et al., 1992; Dushanova & Donoghue, 2010; Gallese et al., 1996; Keysers et al., 

2003) and human supplementary motor and medial temporal cortices (Mukamel et al., 2010). 



CHAPTER 1: GENERAL INTRODUCTION 

2 

Further evidence for mental simulation comes from human brain imaging studies which show 

similar brain activity during action execution, observation and imagery (Filgueiras et al., 

2018; Molenberghs et al., 2012). This mechanism is proposed as the process that enables us 

to understand what the observed action is, then infer why it is performed, and finally share 

the actor’s emotions associated with the action (Gallese & Sinigaglia, 2011). 

1.2 The properties of mirror neurons 

In order to understand the rationale behind the mirror neuron hypothesis of social 

cognition, the characteristics of these neurons need to be outlined. Our knowledge of the 

single-unit properties of mirror neurons mainly comes from single-cell recordings from the 

macaque monkey brain (di Pellegrino et al., 1992; Gallese et al., 1996; Keyser et al., 2003; 

Kohler et al., 2002). The notion of coding by mirror neurons of abstract aspects of observed 

actions has developed from this series of studies. For example, an early finding was that some 

of these neurons fired during a partly hidden grasping action when the monkey knew an 

object was present, but not during the observation of the same action when they knew there 

was no graspable object (Gallese et al., 1996). Others demonstrated that they fired not only 

while viewing actions, but also while hearing them being performed, such as to the sound of a 

peanut being cracked in the absence of any visual cue (Keyser et al., 2003; Kohler et al., 

2002). Further research extended the concept of abstract coding by mirror neurons of motor 

representations to intentions of actions. For example, a single-unit study revealed that some 

mirror neurons were more sensitive to “grasping to eat” whereas others responded more to 

“grasping to place”, indicating their ability to distinguish between intentions despite 

observing the identical grasping action (Fogassi et al., 2005). The researchers interpreted 

these results as indicating the critical role of mirror neurons in understanding why an action is 

performed. 
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The role of mirror neurons in emotion recognition has also been investigated in 

monkeys. A subset of mirror neurons responding to execution and observation of mouth 

actions related to ingestive functions, such as grasping and sucking, but more so to 

communicative gestures, such as lip smacking, were discovered (Ferrari et al., 2003). The 

authors proposed that these neurons in the monkey ventral premotor cortex (PMC), called 

area F5, could be the homologue of human Broca’s area, which is a key region in the human 

brain for communicative functions, including language. The existence of mirror neurons that 

are sensitive to communicative gestures were taken to indicate their supportive role in 

deciphering facial expressions in others, and thereby understanding their emotional states 

(Iacoboni & Dapretto, 2006). 

In addition to action and emotion understanding, other single-unit findings suggest 

that mirror neurons might support observational learning. The involvement of area F5 mirror 

neurons in monkeys while they observed the experimenter perform actions with a tool the 

monkey had never used, such as a stick or pliers, was interpreted as indicating the monkey’s 

learning of an association between the hand and the tool (Ferrari et al., 2005). This finding 

was taken as evidence for the malleability of the mirror neuron network (MNN) by 

experience, and the involvement of mirror neurons in observational learning processes, such 

as imitation (Ferrari et al., 2005). 

A widely accepted notion is that imitation contributes significantly to the development 

of higher order cognitive processes, including understanding others’ thoughts and beliefs 

from their actions (theory of mind; ToM), and understanding and feeling others’ emotions 

(empathy) (Meltzoff & Prinz, 2002; Rogers & Pennington, 1991). In their review of 

behavioural and neuroscience research in infants, Meltzoff and Decety (2003) provided a 

clear explanation of how infant imitation may provide a foundation for social cognition. 

Accordingly, infants store motor representations of observed body acts of adults, compare 

their own acts to these internal representations through proprioceptive feedback, and correct 
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their imitative behaviour. Such imitative behaviour shows that they can recognise the 

similarities and differences between perceived and executed acts, and distinguish between the 

self and others. When they see others “acting like me”, they apply the associations they have 

formed between their own actions and mental states to others, and infer others’ mental states 

from their actions. The neural substrate of these shared representations of the self and others 

that links perception and execution of actions may be the mirror neuron (Meltzoff & Decety, 

2003).  

In humans, neurons that respond during the execution and observation of grasping 

hand actions and facial emotional expressions have been identified in the supplementary 

motor area and medial temporal cortex (Mukamel et al., 2010). There may be yet unidentified 

neurons with mirror properties in other cortical and subcortical areas (Bruni et al., 2018). 

Brain regions involved in processing biological movement during action execution and 

observation, including but not restricted to the PMC, the inferior parietal lobe (IPL) and the 

inferior frontal gyrus (IFG), are commonly considered part of the MNN (Keysers et al., 2018; 

Rizzolatti & Craighero, 2004). This network has been proposed as the neural mechanism 

supporting the development of social cognitive processes, including imitation, ToM, 

empathy, and language (Gallese, 2001; Oberman & Ramachandran, 2007).  

1.3 The mu rhythm and the MNN 

Electroencephalography (EEG) and magnetoencephalography (MEG) have also been 

used to investigate mental simulation in the human brain. These studies have identified 

oscillatory activity in the alpha (8 – 13 Hz) and beta (14 – 25 Hz) frequency bands, 

originating in motor and somatosensory cortices, as markers of action understanding (e.g., 

Koelewijn et al., 2008; Matsuda et al., 2016). The alpha and beta frequency activity generated 

by the sensorimotor cortex is referred to as the mu rhythm. Power in the mu rhythm is most 

prominent when the motor system is at rest, and it is suppressed when engaging in movement 
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execution, observation, or imagery (e.g., Cochin et al., 1998; Lepage & Theoret, 2006; 

Muthukumaraswamy et al., 2004). Attenuation of this rhythm, called mu suppression, reflects 

desynchronisation of the underlying cell assemblies, indicating increased activity of the 

sensorimotor cells (Pfurtscheller et al., 1997).  

Similar reactivity of the mu rhythm and mirror neurons has caused many EEG mu 

rhythm researchers to employ mu suppression as a proxy marker for mirror neuron activity 

(e.g. Cochin et al., 1998; Cochin et al., 1999; Muthukumaraswamy et al., 2004; Oberman et 

al., 2005; Ulloa & Pineda, 2007; Yang et al., 2009). In addition to non-emotional biological 

movement, such as grasping hand movements and leg movements, mu rhythm has been 

found to be sensitive to top-down processes, such as threat-related information (Cheng et al., 

2014; Hoenen et al., 2015; Hoenen et al., 2018; Yang et al., 2009), the actor’s familiarity 

(Oberman et al., 2008), their reward value (Gros et al., 2015), social relevance of the 

observed action (Dickter et al., 2013; Kilner et al., 2006; Streltsova et al., 2010), and the 

socioeconomic status of the viewer (Varnum et al., 2016). The sensitivity of the mu rhythm to 

contextual information indicates that sensorimotor simulation reflects higher forms of 

cognitive processing, beyond kinematic properties of observed actions.  

Suppression in the alpha component of the mu rhythm has been the major focus of 

past research (e.g., Crawcour et al., 2009; Holler et al., 2013; Muthukumaraswamy & 

Johnson, 2004; Oberman et al., 2005; Perry & Bentin, 2010). As described in Niedermeyer 

(2005), although the frequency range of the mu rhythm is the same as the alpha rhythm (8 - 

13 Hz), their topographical localisations and physiological significance are different. Alpha 

rhythm is an attribute of the posterior part of the head, with the highest power observed over 

the occipital area during relaxed wakefulness. Alpha power increases when eyes are closed 

and during physical and mental inactivity. Eye opening and heightened attention associated 

with visual processing and mental effort (e.g., solving mathematical problems) attenuate 

alpha power (Niedermeyer, 2005). As posterior alpha activity may spread into the central 
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areas, mu activity is often superimposed on alpha activity (Niedermeyer, 2005; 

Schoppenhorst et al., 1980). Due to the likely co-existence of mu and alpha rhythms, changes 

in attentional engagement need be addressed in the design of EEG mu studies to minimise 

any contribution of alpha suppression to mu suppression. 

1.4 The predictive brain, social cognition and mirror neurons 

The traditional mirror neuron account of the mental simulation mechanism suggests 

that an action execution-observation direct-matching system with mirror neurons as its neural 

correlate allows the automatic, bottom-up processing during action observation (Gallese, 

2001; Gallese & Goldman, 1998; Iacoboni et al., 1999; Rizzolatti et al., 2001). This bottom-

up processing is described as involving the direct mapping of the observed action onto its 

motor and sensory representations in the observer’s motor system. According to this view, 

observed action resonates with the observer’s motor system, allowing the observer to 

understand the action. In this framework, mu suppression reflects the activity of the direct-

matching mechanism (Rizzolatti et al., 2001).  

More recent computational approaches to mirror neurons, specifically, the Bayesian 

prediction (Kilner et al., 2007) and the Hebbian learning (Keysers & Gazzola, 2014) models, 

conceptualise the MNN as a dynamic system rather than a bottom-up, direct-matching system. 

According to these models, this dynamic system involves continuous forward and backward 

information flow through the reciprocal connections between the implicated brain regions, 

specifically, the superior temporal sulcus (STS), the IPL and the PMC.  

The Bayesian brain hypothesis applies the Bayesian probability theory to perception 

and motor acts (Knill & Pouget, 2004). The theory argues that the brain has a model of the 

world which regularly gets updated and optimised via sensory input. In contrast to the earlier 

models of perception which have conceptualised it as a passive bottom-up process (Marr, 

1982), the Bayesian model describes perception as the integration of top-down contextual 



CHAPTER 1: GENERAL INTRODUCTION 
 

7 
 

influences and bottom-up sensory data reached through the recurrent feedforward and 

feedback signalling between the higher and lower cortical levels (Lee & Mumford, 2003). In 

this perspective, the brain is seen as an inference machine that generates predictions about its 

sensations, tests these predictions against the immediate sensory information, and updates 

beliefs about the causes of these sensations. The difference between predictions and 

sensations is called the prediction error (Friston, 2010). For example, at school, a student 

might expect the tall person walking towards them to be their teacher as that is the most 

likely expectation on school grounds (prior belief), see that the approaching person’s gait 

does not match the teacher’s (prediction error generation), but their mother’s (prediction error 

minimisation), and arrive at the conclusion that the person is their mother (posterior belief). 

Prediction error can be reduced either by updating prior beliefs (expectations) about the 

environment or selecting sensory input that fits with the prior beliefs. Updating prior beliefs 

to align them with the current state of the world is called predictive coding. Selecting sensory 

input that conforms to expectations, in other words, accumulating evidence for prior beliefs 

in order to optimise predictions, is called active inference (Friston, 2010; Friston et al., 2009; 

Friston et al., 2011). 

  The predictive coding hypothesis, which is an implementation of the Bayesian brain 

theory, has been extended to complex neurocognitive processes that are proposed to be 

impaired in autism spectrum disorder (autism), such as ToM. Within this framework, the 

brain continuously calculates and updates the probabilities about events, from reaching 

towards a cup for a successful grip to inferring the mental state of our interaction partner to 

maintain the dialogue. Baker et al. (2011) have described ToM as an inference problem in 

which the observer of another person’s behaviour infers the actor’s beliefs and desires based 

on the observed behaviour. In their extensive review of brain imaging studies of ToM, 

Koster-Hale and Saxe (2013) have applied the predictive brain model to mental state 

understanding. They have argued that findings from past work which showed greater activity 
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in major ToM regions (i.e., the STS, the medial prefrontal cortex [MPFC], and the temporo-

parietal junction [TPJ]) to unexpected stimuli are in line with the predictive brain model of 

social cognition. For example, increased STS activity was found during observation of 

unexpected human actions given certain goals, or biological or environmental constraints, 

such as reaching for a ball inefficiently when a more efficient action was available (Jastorff et 

al., 2010), or viewing a finger bending sideways (Costantini et al., 2005). Increased TPJ 

response was observed when the participants’ predictions about the observed individual’s 

intentions, beliefs, and desires were violated, such as unexpected political beliefs when 

affiliation was known (Cloutier et al., 2011) or unexpected innocent intentions following a 

violent act (Koster-Hale et al., 2013). Increased MPFC activity was associated with 

unexpected actions given the observed individual’s personality, such as observing 

inconsistent behaviours by the same person (Mende-Siedlecki et al., 2012). As discussed by 

Koster-Hale and Saxe (2013), these findings indicate that when inferring others’ minds, we 

rely on predictions we make based on prior information we have about these people, and 

more general expectations we have about human behaviour. When these predictions about 

actions or beliefs are violated by unexpected new information, brain regions involved in 

generating that error response show greater activation. 

Similar to the ToM network, the MNN has also been viewed within the predictive 

coding framework. The core idea in the predictive coding framework of action perception is 

that the increased familiarity or predictability of an observed action is associated with 

decreased prediction error and reduced influence of sensory information (Keysers & Gazzola, 

2014; Kilner et al., 2007). The Hebbian learning model described by Keysers and Gazzola 

(2014) explains action perception at a neuronal level by building on our knowledge of time- 

and activity-dependent changes in the strength of connections between neurons, known as 

synaptic plasticity. This model conceptualises an action perception mechanism characterised 

by causality and consistency in the firing of neurons within each MNN node and 
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strengthening of the interaction between the nodes. Within this model, Hebbian associations 

between sensory and motor neurons are suggested to account for the vicarious activation of 

our somatosensory and emotional cortices during observing others’ emotions, thereby 

enabling empathy. 

1.5 The broken mirror neuron hypothesis of autism 

Based on research indicating the crucial role of mirror neurons in imitation and action 

understanding in monkeys and the involvement of a similar circuit during action execution 

and observation in humans, it has been suggested that the intact functioning of mirror neurons 

is required for the development of social cognitive skills (Gallese, 2006; Iacoboni & 

Dapretto, 2006). From this perspective, atypical social cognitive development in autism may 

stem from a broken mirror neuron (BMN) network activity (Gallese, 2006; Oberman et al., 

2005; Ramachandran & Oberman, 2006).  

Autism is a neurodevelopmental condition characterised by deficits in social 

interaction, such as lack of empathic behaviour, impairments in verbal and nonverbal 

communication, and obsessive and stereotyped patterns of behaviour, such as fixated interest 

in particular subjects (Perkins et al., 2010). Since the majority of these issues reflect deficits 

in the social domain, such as emotion sharing and mind-reading, the BMN account of autism 

has been put forward to explain social problems commonly observed in autism (Iacoboni & 

Dapretto, 2006; Ramachandran & Oberman, 2006; Williams et al., 2001). Some studies have 

shown reduced activity in the key mirror neuron regions, such as the IFG and the motor 

cortex, in participants with autism compared to neurotypicals during action observation 

and/or imitation (e.g., Dapretto et al., 2006; Nishitani et al., 2004), whereas others have found 

intact functioning in the network (e.g., Avikainen et al., 1999; Dinstein et al., 2010). 

Inconsistent findings are common among the BMN studies. Thus, it is still not clear as to 

what degree a dysfunctional MNN may explain social cognition in autism. 
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1.6 Thesis rationale and chapter outline 

Taken together, a large body of evidence suggests a shared mechanism for action 

execution and observation in the human brain. Nevertheless, although the existence of a 

simulation mechanism proposed to be activated by action and emotion observation (Damasio, 

1999; Gallese, 2001) has been corroborated by a large body of evidence from neuroscientific 

research, the complexity of the human brain necessitates further investigation to unravel the 

particular modulatory influences of different types of social emotional information on 

specific neurons and brain regions.  

Past work that explored the modulatory effect of facial expression observation on the 

EEG mu rhythm either did not examine the difference between the influence of emotional 

and non-emotional facial movements, or found no significant difference (Cooper et al., 2013; 

Moore & Franz, 2017; Moore et al., 2012; Rayson et al., 2017). A study on the infant mu 

rhythm found significant suppression in the left hemisphere only for the non-emotional facial 

movement condition, and in the right hemisphere for the emotional and non-emotional 

conditions without any difference between conditions in their levels of suppression (Rayson 

et al., 2016). Differential sensitivity of the mu rhythm to different types of emotional 

information remains to be resolved.  

The objective of the present thesis was to further our understanding of the 

neurobiological signatures of mental simulation associated with social emotional information 

processing. To achieve this, images of emotional and non-emotional facial expressions were 

presented to the participants as stimuli in emotion categorisation tasks while their 

sensorimotor activity was recorded with EEG. Mu rhythm modulation was measured as an 

index of sensorimotor activity associated with emotional information processing. All of the 

studies except Study 4 reported in Chapter 5 used the alpha component of the mu rhythm as a 

measure of mu modulation. Chapter 2 presents the first EEG study which examined mu 

modulation in response to categorising dynamic face movements and non-biological 



CHAPTER 1: GENERAL INTRODUCTION 
 

11 
 

movement as happy, sad, neutral or other. Chapter 3 documents the second EEG mu study 

which involved categorising emotions from static images of emotional/unambiguous and 

neutral/ambiguous facial expressions as happy or sad. Chapter 4 reports the results from the 

analysis on hemispheric differences in mu modulation, and the correlation between mu 

modulation scores and self-reported empathy. Chapter 5 presents three exploratory studies on 

data collected during two experiments: Study 4 reports the findings on the modulation of the 

beta component of the mu rhythm during the emotion tasks; Study 5 reports the results on the 

difference between the mu suppression scores of the participants with autism and the average 

mu suppression score of the neurotypicals; and Study 6 presents the correlation analysis 

between self-reported autism traits and self-reported empathy. The last chapter, Chapter 6, 

summarises key findings from the research, addresses the limitations of the studies, and 

proposes future research directions. 
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Chapter 2. Mental simulation of facial expressions: Mu suppression to the viewing of 

dynamic neutral face videos 

2.1 Chapter prologue 

The aim of the current study was to further our understanding of the mental 

simulation account by investigating the activity in the sensorimotor cortex associated with 

observation of emotional and non-emotional face movements. To achieve this, EEG was used 

while participants completed an emotion categorisation task which involved viewing happy, 

sad and neutral face movements and non-biological movement.  

The manuscript included in this chapter is published at the journal Frontiers in 

Human Neuroscience. 

2.2 Abstract 

The mirror neuron network (MNN) has been proposed as a neural substrate of action 

understanding. Electroencephalography (EEG) mu suppression has commonly been studied 

as an index of MNN activity during execution and observation of hand and finger 

movements. However, in order to establish its role in higher order processes, such as 

recognising and sharing emotions, more research using social emotional stimuli is needed. 

The current study aims to contribute to our understanding of the sensitivity of mu suppression 

to facial expressions. Modulation of the mu and occipital alpha (8–13 Hz) rhythms was 

calculated in 22 participants while they observed dynamic video stimuli, including emotional 

(happy and sad) and neutral (mouth opening) facial expressions, and non-biological stimulus 

(kaleidoscope pattern). Across the four types of stimuli, only the neutral face was associated 

with a significantly stronger mu suppression than the non-biological stimulus. Occipital alpha 

suppression was significantly greater in the non-biological stimulus than all the face 

conditions. Source estimation standardised low resolution electromagnetic tomography 
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(sLORETA) analysis comparing the neural sources of mu/alpha modulation between neutral 

face and non-biological stimulus showed more suppression in the central regions, including 

the supplementary motor and somatosensory areas, than the more posterior regions. EEG and 

source estimation results may indicate that reduced availability of emotional information in 

the neutral face condition requires more sensorimotor engagement in deciphering emotion-

related information than the full-blown happy or sad expressions that are more readily 

recognised. 

2.3 Introduction 

Nonverbal communication is a crucial component of human social behaviour, but its 

neural mechanisms are poorly understood. The ability to understand others’ mental states 

from their facial and bodily gestures allows us to respond effectively during social 

communication. Gallese and Goldman (1998) proposed a simulation theory of action 

understanding to account for the complexity of this process. Under this model, on observing 

an action, the observer subconsciously and automatically employs a specialised neural 

circuitry to simulate the action using their own motor system, in turn activating mental states 

associated with execution of the action, and providing insight into the mental state of the 

actor. The neural substrate of the simulation theory is proposed to be the mirror 

neuron (Gallese & Goldman, 1998). 

Mirror neurons were first discovered in the motor areas of the monkey brain (di 

Pellegrino et al., 1992). They were observed to fire during both execution and observation of 

actions, such as grasping an object, putting it in mouth or breaking it. Moreover, the sensory 

modality by which the action was experienced did not seem to matter for a subset of these 

neurons: they were triggered by the sound of the action, even when the action was not seen 

(Kohler et al., 2002). The implication of these findings was that the mirror neurons could be 

coding the representations of the actions, allowing for recognising the movements involved in 
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an action and inferring the intention behind the action. Evidence for a similar mirroring 

mechanism in the human brain has come from functional magnetic resonance imaging 

(fMRI) and positron emission tomography (PET) studies (Caspers et al., 2010; Molenberghs 

et al., 2012) as well as single neuron recordings during surgery in humans (Mukamel et al., 

2010). 

In addition to metabolic brain imaging and in vivo cellular studies, 

electroencephalography (EEG) studies have measured mu rhythm desynchronisation to infer 

mirroring activity. Mu rhythm, characterised by 8–13 Hz oscillations detected over the 

sensorimotor area, is mostly associated with the functions of the sensorimotor cortex 

(Niedermeyer, 2005). Increased mu rhythm power indicates physical inactivity and resting, 

with movement execution as well as observation leading to its suppression (Hari & Salmelin, 

1997; Cochin et al., 1998; Cochin et al., 1999; Fecteau et al., 2004; Muthukumaraswamy et 

al., 2004; Lepage & Théoret, 2006). Due to the responsivity of the mu rhythm to action 

observation, it has been proposed to reflect mirror neuron activity related to viewing of 

biological action with or without object interaction, including finger movements (Babiloni et 

al., 1999; Cochin et al., 1999) and hand grip movements (Muthukumaraswamy et al., 2004), 

as well as hearing sounds that are linked to actions, such as piano melodies (Wu et al., 2016). 

Since the initial discovery of mirror neurons, research has focused on their potential 

role in social cognitive processes that rely on an ability to understand actions and intentions, 

such as empathy. Similar activity in the brain regions observed in fMRI during execution and 

observation of facial expressions has been suggested to provide evidence for the existence of 

a single mechanism of action representation which allows people to empathise with others 

(Carr et al., 2003). In order to further the knowledge about the role of the mirror neuron 

network (MNN) in social emotional information processing, several groups of researchers 

used EEG mu suppression as a proxy of the MNN to investigate the network’s sensitivity to 
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emotional information using body parts in painful and non-painful situations, and found 

greater mu suppression in the painful compared to non-painful conditions (Yang et al., 

2009; Cheng et al., 2014; Hoenen et al., 2015). In contrast to findings which suggest a 

heightened sensitivity of the mu rhythm to emotional information, others found similar levels 

of mu modulation during gender discrimination and emotion recognition tasks which entailed 

viewing point-light displays of human figures’ walk (Perry et al., 2010b). Facial expressions 

have been used as stimuli in EEG mu suppression research only in a handful of studies 

(Moore et al., 2012; Cooper et al., 2013; Rayson et al., 2016, 2017; Moore & Franz, 2017). 

Further research using different types of facial movements depicting varying levels of 

emotional information as the visual stimuli is necessary to investigate the differential 

sensitivity of the sensorimotor cortex to emotion-related information processing. 

It is crucial to note that findings from some mu suppression studies indicate that mu 

can easily be confounded with occipital alpha activity, yielding alpha suppression at the 

central electrodes that is not only similar while viewing biological and non-biological motion, 

but also more pronounced to biological than non-biological motion when the observed action 

depicts pain. As pointed out by Milston et al. (2013), most of the studies that have explored 

the relation between mu suppression and empathy have used stimuli eliciting pain only 

(e.g., Yang et al., 2009; Perry et al., 2010a; Hoenen et al., 2015). Researchers have 

highlighted that processes other than empathy, such as attention, may be at work while 

viewing painful stimuli due to their threatening nature (Hoenen et al., 2013) or salience 

(Perry et al., 2010a). It may still be difficult to disentangle mu from alpha in tasks using non-

emotional biological motion. For example, Aleksandrov and Tugin (2012) did not find any 

systematic differences in mu suppression to the observation of hand movements, non-

biological objects or mental counting. Similarly, Perry and Bentin (2010) observed that alpha 

suppression at the mu and the occipital areas were very similar to the observation of hand 

movements toward an object. A recent study conducted by Hobson and Bishop 
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(2016) showed that different types of baseline used to measure mu suppression engage the 

attention system differently, thus directly impacting the degree of suppression recorded. They 

found that mu and occipital alpha modulation while viewing hand movements and 

kaleidoscope movements were consistent with the MNN activity only when the static video 

of the image that immediately preceded the dynamic video of the image was used as the 

baseline. Due to the posterior alpha confound associated with attentional processes, the 

baseline and the control conditions need to be chosen carefully. 

The current study aimed to contribute to our understanding of the simulation account 

by investigating the responsiveness of the sensorimotor cortex to emotional and non-

emotional facial expressions. Our goal is to examine the differential sensitivity of the mu 

rhythm to different types of facial movements. To our knowledge, this is the first study to 

examine the sensitivity of mu rhythm, while controling for occipital alpha activity, to 

dynamic neutral and emotional facial expressions not depicting pain. A within-trial baseline 

method was adopted as per Hobson and Bishop (2016): the 1100 ms static image epoch was 

used as the baseline for quantifying activity in the subsequent 2050 ms dynamic image epoch. 

It was hypothesised that mu suppression would be greater in the: (1) happy, sad and neutral 

face conditions than the non-biological stimulus condition; and (2) happy and sad face 

conditions than the neutral face condition, without a corresponding difference in occipital 

alpha suppression. 

2.4 Materials and methods 

2.4.1 Participants 

Twenty-five participants (16 female) between the ages of 19 and 36 (M = 26.5, SD = 

6) were recruited through flyers placed around the University of Auckland campus. Each 

participant was compensated with a $20 supermarket voucher. Prior to data collection, a pre-

screening questionnaire was emailed to the volunteers to identify whether they met the 
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criteria for participation. Exclusion criteria included self-reported major head injury, 

psychiatric diagnosis, psychoactive medication use, or sensorimotor problems. This study 

was carried out in accordance with the recommendations of the University of Auckland 

Human Participants Ethics Committee with written informed consent from all participants. 

All participants gave written informed consent in accordance with the Declaration of 

Helsinki. The protocol was approved by the University of Auckland Human Participants 

Ethics Committee. 

2.4.2 Stimuli and design 

EEG was recorded during a 30-min computer task, which entailed the viewing of four 

types of dynamic image videos: happy face, sad face, neutral face (i.e., mouth opening) and 

non-biological stimulus (i.e., kaleidoscope). There were four blocks of 40 trials (160 total). In 

each block, there were 10 happy face, 10 sad face, 10 neutral face and 10 non-biological 

stimulus videos, presented in random order. Each video was 6000 ms long. Participants were 

free to rest between the blocks for as long as they wanted. 

Happy and sad face videos were taken from the Amsterdam Dynamic Facial 

Expression Set (ADFES; van der Schalk et al., 2011). The ADFES is freely available for 

research from the Psychology Research Unit at the University of Amsterdam. Neutral faces 

were recorded by OK. Past research has validated mouth opening videos of actors as non-

emotional (Rayson et al., 2016). Videos used in the present study were made similar 

to Rayson et al.’s (2016) and the ADFES stimuli in terms of duration, brightness, size, and 

contrast. Kaleidoscope images presented as the non-biological stimulus were those used in a 

previous study (Hobson & Bishop, 2016). All stimuli were greyscaled. 

Participants were instructed to minimise movement throughout the experiment, and 

blinking during trials. As Figure 2.1 illustrates, each trial started with a 1000 ms fixation 
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cross against a white background. After the fixation cross, the static image stimulus was 

presented for 2000 ms, followed by a 2000 ms dynamic image in which the expression 

changed, and ending with a 2000 ms static image of the last frame of the video. Then, a two-

alternative forced-choice response slide showing the correct label alongside one of the other 

three labels prompted the participant to categorise the stimulus as happy, sad, neutral or 

other. The response slide remained on the screen until the participant gave a response using 

the keyboard. The participant pressed “d” if the label on the left was correct and “k” if the 

label on the right was correct. In half of the trials, the correct label was on the right, and in 

half, on the left. Each trial ended with a 1000 ms feedback slide. The feedback slide 

displayed the word “Correct” or “Incorrect” depending on the key press. 

 

Figure 2.1. An example of a trial showing the duration of each section in ms. Each condition 

video was presented for 6000 ms of which the first 2000 ms was static, the second 2000 ms 

was dynamic, and the last 2000 ms was static. 

Accuracy and reaction time were not analysed. The feedback slide was only used to 

gauge attention. The highest number of incorrect answers observed for a participant was six 

(i.e., 4.5%), indicating sustained attention to the stimuli for all participants. 

2.4.3 EEG data recording 

EEG recording was conducted in an electrically shielded room (IAC Noise Lock 

Acoustic—Model 1375, Hampshire, United Kingdom) using 128-channel Ag/AgCl electrode 

nets (Tucker, 1993) from Electrical Geodesics Inc. (Eugene, OR, USA). EEG was recorded 
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continuously (1000 Hz sample rate) with Electrical Geodesics Inc. amplifiers (300-MΩ input 

impedance). Electrode impedances were kept below 40 kΩ, an acceptable level for this 

system (Ferree et al., 2001). Common vertex (Cz) was used as a reference. Electrolytic 

solution was applied before the recording started. Each session consisted of two continuous 

recordings. After the first two blocks, recording was paused and electrolytic solution was re-

applied to ensure the impedance was kept low. 

2.4.4 EEG data preprocessing and analysis 

EEG processing was performed using EEGLAB, an open-source MATLAB toolbox 

(Delorme & Makeig, 2004). For each participant, the continuous data were downsampled to 

250 Hz and then high-passed filtered at 0.1 Hz. 6000 ms conditions starting from the dynamic 

image onset at time zero were created to get rid of between-session data. Line noise occurring 

at the harmonics of 50 Hz was removed. Bad channels were identified using the EEGLAB 

pop_rejchan function (absolute threshold or activity probability limit of 5 SD, based on 

kurtosis) and interpolated. Data were re-referenced to the average of all electrodes. Infomax 

ICA was run on each of the preprocessed dataset with EEGLAB default settings. Eye 

movement and large muscle artifact components were visually identified and rejected for 

each participant. EEG recordings of three participants were identified as very noisy during 

the cleaning stage and excluded from further processing. 

For each condition, from the 6000 ms image video, 800 ms to 1900 ms early epochs 

corresponding to the static image and 1950 ms to 4000 ms late epochs corresponding to the 

dynamic image were extracted. The analysis was conducted for the mu/alpha band of 8 – 13 

Hz over two central clusters of electrodes, six located around C3 on the left hemisphere (i.e., 

electrodes 30, 31, 37, 41, 42) and six around C4 on the right hemisphere (i.e., electrodes 80, 

87, 93, 103, 105), and over six occipital electrodes (O1, Oz and O2). For each of the 15 

electrodes, Fast Fourier Transform (FFT) was used to calculate the power spectral density 
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(PSD) in each trial, separately for early and late epochs. For each trial, mu/alpha suppression 

at each of the 15 electrodes was calculated by taking the ratio of the late epoch PSD relative 

to the early epoch PSD. Ratio values instead of subtraction values were used as a measure of 

suppression to control for mu/alpha power variability between individuals that are due to 

differences in scalp thickness and electrode impedance (Cohen, 2014). Across the central and 

occipital electrode clusters separately, if a trial had a PSD ratio value greater than three scaled 

median absolute deviations from the median PSD ratio value of the cluster, that trial was 

excluded as an outlier. For each of the four conditions, the average PSD ratio of the 12 

central electrodes was calculated to get a single mu value, and of the three occipital 

electrodes to get a single alpha value, resulting in eight power scores (i.e., suppression for 

happy, sad, neutral face and non-biological stimulus images at central and occipital areas) for 

each participant. 

Since ratio data are non-normal, a log transform was used for statistical analysis. A 

log ratio value of less than zero indicates suppression, zero indicates no change, and greater 

than zero indicates facilitation. 

2.4.5 Source estimation 

The 128-channel EEG data were analysed using standardised low resolution 

electromagnetic tomography method (sLORETA) source localisation (Pascual-Marqui, 

2002). sLORETA is an inverse solution that produces images of standardised current density 

at each of the 6430 cortical voxels (voxel size 5 mm) in Montreal Neurological Institute 

(MNI) space (Pascual-Marqui, 2002). sLORETA images of the mu/alpha band (8–13 Hz) 

activity during the late epochs of the neutral face and non-biological stimulus conditions were 

computed for each participant, and then the group averages for the two conditions were 

extracted. Mu/alpha band power associated with late epochs of the neutral face and non-

biological stimulus conditions was compared. A whole-brain analysis was conducted to 
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provide evidence that the reduced mu/alpha band power during the late epoch in the neutral 

face condition compared to the non-biological stimulus condition was localised to the central 

instead of posterior regions, indicating stimulus-related differences in sensory and motor 

activity rather than a cortex-wide activity tapping attention. Voxel-wise t-tests were done on 

the frequency band-wise normalised and log-transformed sLORETA images. For all t-tests, 

the variance of each image was smoothed by combining half the variance at each voxel with 

half the mean variance for the image. Correction for multiple testing was applied using 

statistical nonparametric mapping (SnPM) with 5000 permutations. 

2.5 Results 

2.5.1 EEG results 

All statistical analyses were performed using R (R Studio Team, 2016). 

Data from 22 participants were included in the analysis. As explained in the 

“Materials and methods” section, there were four conditions (i.e., happy face, sad face, 

neutral face, non-biological stimulus) and two brain regions (i.e., central, occipital) of 

interest. Before hypothesis testing, a t-test for each condition at each brain region was 

conducted to ensure that the PSD was significantly reduced during the late compared to the 

early epoch (all p-values < 0.001). Upon confirming suppression in each condition at both 

brain regions, a 4 × 2 repeated measures ANOVA was conducted. Mauchly’s test indicated 

that the assumption of sphericity was met for the condition variable. There was a non-

significant main effect of condition (F(3, 63) = 2.74, p = 0.051, ηp2 = 0.115), and a non-

significant main effect of region (F(1, 21) = 1.520, p = 0.231, ηp2 = 0.067). However, 

interpretation of these main effects was qualified by the significant interaction between 

condition and region (F(3, 63) = 10.734, p < 0.001, ηp2 = 0.338). The interaction effect was 

investigated further with two sets of pairwise comparisons across conditions at each brain 

region. Benjamini and Hochberg’s (1995) false discovery rate (FDR) correction was applied 
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to correct for multiple comparisons between suppression values across the conditions at the 

central (p < 0.05, FDR corrected) and occipital regions (p < 0.05, FDR corrected). At the 

central region, only the neutral face condition showed significantly greater suppression than 

the non-biological stimulus (p < 0.05). Neutral face also showed greater central suppression 

than the sad face condition (p < 0.05). At the occipital region, suppression was significantly 

greater in the non-biological stimulus condition than all the other conditions (all p-values < 

0.05). The distribution of the data points can be seen in Figure 2.2. Three participants had at 

least one ratio score greater than 1.5 times the interquartile range below the 25th or above the 

75th quartile. Removing them did not change the pattern of results, so the analyses are 

reported including these outliers. 
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Figure 2.2. Distribution of the individual mean log ratio scores of 22 participants (dots) in the happy, sad, 

neutral face and non-biological stimulus conditions at the central and occipital regions. Outliers (>1.5× 

interquartile range) are represented by the red disks. Inside the boxplots, dots represent the means and 

horizontal lines represent the medians. The density plots around the data points represent the kernel 

probability density of the data at different values. CEN, central region; OCC, occipital region. Significant 

differences are marked by an asterisk [p < 0.05, false discovery rate (FDR) corrected]. 
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2.5.2 Source estimation results 

 

The neural sources of the difference in the mu/alpha band current density power 

between the neutral and non-biological stimulus conditions during the late epoch (neutral face 

minus non-biological stimulus) were analysed using sLORETA with a one-tailed test (neutral 

face < non-biological stimulus). Exceedance proportion test output from sLORETA analysis 

was used to identify the voxels at which the difference in mu/alpha power between the two 

conditions was significant (p < 0.05). Based on the exceedance proportion test results which 

showed a threshold of −3.599 for a p-value of 0.0524, differences in alpha power were 

localised to the fusiform gyrus (BA20) t = −4.03 (X = −55, Y = −40, Z = −30; MNI 

coordinates), primary somatosensory cortex (BA3) t = −3.80 (X = −40, Y = −25, Z = 40), 

prefrontal cortex (BA9) t = −5.14 (X = 10, Y = 45, Z = 35), and medial premotor cortex 

(supplementary motor area; BA6) t = −3.99 (X = 10, Y = −30, Z = 70; see Figure 2.3). In the 

colour scale, blue indicates less alpha power while red indicates the opposite. 
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Figure 2.3. Current density power analysis in the mu/alpha band (8–13 Hz), averaged across 

22 participants, between the neutral face and non-biological stimulus conditions during the 

late epoch found significant voxels (p < 0.05) best matched to the supplementary motor area 

(top) and the primary somatosensory area (bottom). Horizontal (left), sagittal (middle), and 

coronal (right) sections through the voxel with the maximal t-statistic (local maximum) are 

displayed. Blue indicates less power in the alpha band in the neutral face than the non-

biological stimulus condition. 
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2.6 Discussion 

2.6.1 General discussion 

The current study investigated the modulation of mu rhythm while participants 

observed videos of emotional and neutral face movements and non-biological stimulus 

movements. Mu suppression, but not occipital alpha suppression, was predicted to be greater 

in the face conditions than the non-biological stimulus condition, with greater suppression in 

the emotional faces than the neutral face condition. In contrast to our prediction, only the 

neutral faces were associated with stronger mu activity than that for the non-biological 

stimulus condition. A lack of difference in mu/alpha band power between the emotional faces 

and the non-biological stimulus at the central region made it difficult to distinguish mu from 

posterior alpha modulation during emotional face observation. Greater suppression in the 

neutral face than the non-biological stimulus condition at the central region accompanied 

with an opposite pattern at the occipital region suggests that mu rhythm modulation 

associated with neutral face processing is distinct from the attenuation of the overall alpha 

activity power associated with information processing and attention. Similar opposing trends 

of alpha and mu suppression between biological and non-biological movement were observed 

by Hobson and Bishop (2016). Greater occipital alpha suppression in the non-biological 

stimulus than the neutral face condition may be explained by low-level visual differences 

between the two conditions, such as the contrast and the frequency domain information in the 

stimuli, and/or disparate demands on attention. 

In addition to the results from the scalp-recorded EEG activity, source analysis data 

provide further support for a more localised than an overall difference in the mu/alpha band 

power between neutral face and non-biological stimulus conditions. This suggests different 

levels of activity between conditions in the face-related (i.e., fusiform gyrus) and MNN areas, 

specifically, the primary somatosensory cortex, prefrontal cortex and supplementary motor 
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area. Greater activity in the fusiform gyrus in response to faces than non-biological stimulus 

was expected as this area responds more to faces than objects (Haxby et al., 2000). The 

premotor areas, including the supplementary motor area, and the primary somatosensory 

cortex are the key regions implicated in sensorimotor simulation during action observation 

(for a review, see Wood et al., 2016) and motor imagery (Burianova et al., 2013; Filgueiras et 

al., 2018). The premotor cortex has been a primary region investigated in studies of action 

observation (Buccino et al., 2001; Johnson-Frey et al., 2003; Raos et al., 2004, 2007). While 

the motor representations of actions are stored in the premotor areas, the somatosensory areas 

may be involved in storing tactile and proprioceptive representations of these actions 

(Gazzola & Keysers, 2009). In addition to the role of the somatosensory activity in hand 

actions (Avikainen et al., 2002; Raos et al., 2004), there is evidence for the involvement of 

somatosensory representations in our ability to simulate basic emotions while observing 

facial expressions (Adolphs et al., 2000). Wood et al.’s (2016) review highlights the role of 

sensory simulation in addition to motor simulation in emotion recognition, pointing to a large 

overlap between brain areas involved in production and observation of facial expressions. 

Signaling from the somatosensory cortex to the premotor cortex may be a necessary step for 

action understanding and imitation (Gazzola & Keysers, 2009). This signaling may explain 

the significantly less mu/alpha band power present source estimation results show in these 

two brain areas in the neutral face movement compared to the non-biological stimulus 

condition. 

We offer a number of possible explanations for the EEG results showing the strongest 

mu suppression to the neutral face movement in the form of mouth opening. Firstly, the 

results may be attributed to the sensitivity of the sensorimotor cortex to human-object 

interaction. Most research that has investigated the role of MNN in action observation 

involves hand and finger movements that almost always suggest some sort of interaction with 

an object, such as pincer movement with the thumb and the index finger (e.g., Cochin et al., 
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1999), manipulating objects (e.g., Gazzola & Keysers, 2009), or bringing food to mouth 

(Ferrari et al., 2003). In addition to limb movements, viewing oro-facial movements has also 

been observed to induce mu power decrease, with greatest suppression to viewing object-

directed actions compared to undirected sucking and biting movements, and least suppression 

to the viewing of speech-like mouth movements (Muthukumaraswamy et al., 2006). In the 

present study, the sensorimotor cortex could be engaged by the mouth opening gesture which 

may have been perceived as an action associated with eating, an action implying interaction 

with an object (i.e., food), thereby supporting intention understanding (i.e., eating). Second, 

the MNN may be involved in the recognition of deliberate, voluntary gestures rather than 

involuntary communicative actions. Yet, mu suppression is reported to be modulated by 

contextual information, such as the actor’s familiarity (Oberman et al., 2008) or their reward 

value (Gros et al., 2015), or gaming context in which the hand gestures are viewed (Perry et 

al., 2011). In addition, viewing facial gestures that do not suggest object interaction or 

deliberate action also seems to modulate mu rhythm (Moore et al., 2012; Rayson et al., 

2016, 2017; Moore & Franz, 2017). Thus, explanations which restrict mu suppression to 

voluntary or object-related actions are unlikely. 

A third explanation is that different types of facial movements may tap different MNN 

areas. An fMRI experiment conducted by van der Gaag et al. (2007) found bilateral inferior 

frontal operculum activation to viewing emotional facial expressions but somatosensory 

activation to neutral movements (i.e., blowing up the cheeks). The authors attributed their 

findings to distinct processing pathways, more visceral in the former and more proprioceptive 

in the latter. A similar differential pathway may explain the current findings. Alternatively, if 

a single mirroring pathway underlies all types of facial movements, greater ambiguity of the 

action and/or the emotion in the mouth opening image may require the MNN more than the 

full-blown, easy to recognise emotional expressions. In other words, when the emotional 

information is presented in high intensity, the cognitive task of recognition may not be 
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demanding enough to activate the MNN, thereby bypassing the whole system, as indexed by 

the lack of or reduced mu suppression. 

Based on recent findings from connectivity research (see, for example, Gardner et al., 

2015), our preferred explanation is that rather than a global increase/decrease of activity in 

the totality of the network, a differential modulation of the signaling between the key MNN 

nodes is more likely to be at work during action observation. There is evidence for the 

existence of a subgroup of neurons in the human supplementary motor area that is excited by 

execution, but inhibited by observation of hand grasping actions and facial emotional 

expressions (Mukamel et al., 2010). These observation-inhibited neurons may be the 

mechanism for self-other discrimination process related to observing others’ actions, and the 

strength of their activity may modulate the amount of input from premotor areas to the 

sensorimotor cortex during action observation (Mukamel et al., 2010; Woodruff et al., 2011). 

Readily recognisable emotion-related information may activate the observation-inhibited 

mirror neurons in the premotor areas, leading to less excitatory input to the sensorimotor 

cortex. On the other hand, neutral facial movements that lack social and emotional 

information, as in mouth opening, may not activate observation-inhibited neurons as much as 

easily recognisable expressions do, resulting in stronger excitatory input to the sensorimotor 

cortex. Thus, in the face of subtle expressions, increased sensorimotor activity may aid action 

and emotion recognition. 

Signaling between and within the key MNN areas during action observation and 

execution has recently been approached from a Bayesian perspective that suggests the 

existence of an updating mechanism which continuously attempts to minimise the difference 

(i.e., the error) between the predicted action and the observed or executed action to achieve 

an understanding of the most likely cause of an action (Keysers & Perrett, 2004; Kilner et al., 

2007). According to a predictive coding model of mirror neurons, when the mismatch 
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between the predicted and observed actions of others is large due to the unfamiliarity, 

unusualness and unexpectedness of the observed action, the network generates a new 

prediction model, resulting in stronger motor activation (Kilner et al., 2007). In line with this 

account, several studies have reported greater mu suppression in infants during observation of 

extraordinary actions (e.g., turning on a lamp with one’s forehead or lifting a cup to the ear) 

compared to ordinary actions (e.g., turning on a lamp with one’s hand or lifting a cup to the 

mouth), suggesting that as the deviation of the observed action from the expected action 

increases, motor activation increases (Langeloh et al., 2018; Stapel et al., 2010). In the 

current study, the unfamiliarity of the mouth-opening movement as a neutral gesture may 

have resulted in a greater error signal between the predicted, usual neutral gesture the 

participants would expect to see, and the observed, unusual neutral gesture they were 

instructed to categorise as such. Additional predictions that required updating in the mouth 

opening condition may have activated the sensorimotor areas more than the familiar and 

ordinary happy and sad gestures. Future research may examine the coordinated activity of the 

involved brain regions by connectivity analyses to quantify the differences in their 

associations or dependencies under different conditions. 

2.6.2 Limitations 

There are several important limitations of the current study that must be noted. Low-

level visual properties, such as the contrast and the frequency domain composition of the 

images, in the face and the non-biological stimulus conditions were not matched. Future 

studies should aim to match contrast and frequency components of stimuli across conditions 

in order to mitigate the effect of these non-task related factors on mu/alpha activity. Second, 

in the face videos, every actor performed only one facial expression. This might have led the 

participants to learn the movement that followed each static image, leading to habituation 

across the blocks. Using the same actors for different facial expressions might help avoid 
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habituation-driven mu/alpha activity changes. Another important limitation is related to the 

uncontroled degree of movement viewed in each condition. Variability in the amount of 

movement displayed in videos may have influenced mu and alpha power modulation across 

conditions. Thus, it is possible that the greater mu suppression to neutral faces reflects more 

the more pronounced movement in the mouth opening action compared to the happy and sad 

expressions rather than the differences in social emotional content. Furthermore, face videos 

used as stimuli may not induce mu modulation that would naturally be observed in real life 

settings. Finally, the limited sample size and lack of a priori power analysis require further 

replication studies to shed light on the modulatory influence of observed facial movements on 

the mu rhythm. 

2.6.3 Conclusion 

Ambiguity or complexity of emotional information may result in greater activity in 

the sensorimotor areas if difficulty of the emotion recognition task requires a stronger 

engagement of the simulation system. Present findings provide support for the involvement 

of the MNN in face simulation, and indicate a complex relationship between sensorimotor 

activity and facial expression processing. Current data call for further research on the 

observation-related activity within and between the key brain areas involved in social 

information processing. The explanations offered above which attribute the observed effect to 

the ambiguity of emotion may be addressed in future studies by comparing the level of 

activity in the premotor, motor and somatosensory areas in response to social stimuli 

depicting different intensities of various emotions. High spatial resolution neuroimaging 

techniques, such as fMRI, can be employed to investigate the involvement of the main MNN 

areas as well as deeper brain regions in the simulation of ambiguous motor and emotion 

information. 
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Chapter 3. Increased sensorimotor activity during categorisation of ambiguous 

emotional expressions 

3.1 Chapter prologue 

In Study 1, we found that across the three types of face stimuli (i.e., happy, sad and 

neutral), only the neutral face was associated with a significantly stronger mu suppression 

than the non-biological stimulus (i.e., kaleidoscope). Source estimation results localised the 

difference in alpha band activity between neutral face and kaleidoscope conditions to the 

supplementary motor and somatosensory areas. We interpreted the EEG and source 

estimation results as indicating the greater need for sensorimotor engagement in 

understanding ambiguous social emotional stimuli. Stronger mu suppression might reflect a 

larger prediction error associated with more ambiguous and unfamiliar stimuli compared to 

more familiar ones. Minimising this error signal might enable action understanding. 

Following up on this interpretation, in Study 2, we investigated whether categorising static 

images of neutral faces as happy or sad would be associated with stronger mu suppression 

than categorising clearly happy or sad faces. Even though dynamically evolving stimuli were 

chosen in the first study due to their higher ecological validity, static images were used in the 

second study to avoid the influence of physical differences associated with different degrees 

of movement on neural processing, and to investigate whether findings from Study 1 would 

be replicated when biological movement was implied.    

The manuscript included in this chapter is accepted with revisions at the journal 

Frontiers in Human Neuroscience.   

3.2 Abstract 

Actions are rarely devoid of emotional content. Thus, a more complete picture of the 

neural mechanisms underlying mental simulation of observed actions requires more research 
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using emotion information. The present study used electroencephalography (EEG) to 

investigate mental simulation associated with facial emotion categorisation. Mu rhythm 

modulation was measured to infer the degree of sensorimotor simulation. Categorising static 

images of neutral faces as happy or sad was associated with stronger mu suppression than 

categorising clearly happy or sad faces. Results suggest the sensitivity of the sensorimotor 

activity to emotional information rather than visual attentional engagement, because further 

control analyses revealed (1) no effect of emotion type on occipital alpha modulation, and (2) 

no difference in mu modulation between the conditions of a control task, which required 

categorising images with the head oriented right, left, or forward as right or left. This finding 

provides evidence for the role of the sensorimotor activity in a higher form of mental 

simulation. Consistent with a predictive coding account of action perception, stronger mu 

suppression during attempted emotion categorisation of neutral faces may involve minimising 

the mismatch between predicted kinematics of a happy/sad face and the observed stationarity 

of neutral faces. 

3.3 Introduction 

Emotions we express through our actions, expecially facial gestures, play a crucial 

role in facilitating the development of a shared cognition with our conspecifics. Shared 

origins of our perceptions, actions, and emotions have been emphasised in theories of 

embodied cognition (Decety & Jackson, 2004; Gallese, 2003; Preston & de Waal, 2002). At 

the core of embodied cognition accounts of social cognition is the concept of mental 

simulation, which describes the mapping of movements, emotions and sensations of others 

onto the observer’s motor, visceral and somatosensory systems (Decety & Jackson, 2004; 

Gallese & Sinigaglia, 2011; Preston & de Waal, 2002). Mental simulation theories of action 

understanding suggest that observed motor acts, defined as a series of goal-related 

movements, are matched onto the motor system of the observer, thereby allowing an 



CHAPTER 3: MU MODULATION BY EMOTION CATEGORISATION 

34 
 

understanding of the intentions behind actions (Gallese et al., 2009). It is this process of 

external-to-internal mapping that forms the basis of understanding others, including 

recognising motor actions and inferring their goals, as well as understanding internal states 

and motivations (Gallese & Sinigaglia, 2011). Successful operationalisation of this mapping 

process involves reducing any ambiguity present in an observed action to achieve a correct 

understanding of the intent behind the act being performed. In the context of action 

perception, ambiguous information can be described as movements that are open to multiple 

interpretations. Myriads of actions and emotions exhibited in social environments make the 

skill to resolve ambiguity of social emotion information crucial to understanding others.   

Mental simulation that is specifically associated with the activity of the motor system 

during action observation is called motor simulation or motor resonance (Gordon et al., 

2018). A possible biological basis of motor simulation has been proposed with the discovery 

of a special category of neurons, called mirror neurons, that are active during both action 

execution and observation in monkeys (di Pellegrino et al., 1992; Dushanova & Donoghue, 

2010; Gallese et al., 1996; Rizzolatti et al., 1996). These motor neurons, mostly selective for 

a particular movement configuration, such as grasping an object or breaking it, were observed 

to discharge not only while the monkey executed certain actions, but also while they 

observed the experimenter perform the same or similar ones (Gallese et al., 1996; Rizzolatti 

et al., 1996). Due to this response characteristic of mirror neurons, it was argued that they 

could provide a mechanism for coding the internal motor representations of actions in the 

motor system which are triggered by perception as well as execution of actions. Through the 

strengthened connections formed as a result of repeated pairings between the internal motor 

representations and their consequences, representations of an action activated during its 

observation would enable access to the knowledge of that action’s consequences. Based on 

this rationale, it was argued that mirror neurons allow understanding actions and their goals 

(Gallese et al., 1996; Rizzolatti et al., 2001). These types of neurons have also been 
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discovered in humans (Mukamel et al., 2010), and neuroimaging studies have demonstrated 

that similar patterns of activation in the human brain are generated during action execution 

and observation (Molenberghs et al., 2012). 

Motor simulation in humans has also been investigated using electroencephalography 

(EEG) and magnetoencephalography (MEG). These studies have identified oscillatory 

activity in the alpha (8 – 13 Hz) and beta (14 – 25 Hz) frequency bands, originating in motor 

and somatosensory cortices, as potential neurophysiological markers of action understanding 

(e.g., Caetano et al., 2007; Simon & Mukamel, 2016; Ulloa & Pineda, 2007). The alpha 

frequency activity generated by the sensorimotor cortex, also called the mu rhythm, is most 

prominent when the motor system is at rest, and is suppressed by the execution, observation, 

or imagery of limb and face movements (Cochin et al., 1998; Cochin et al., 1999; Debnath et 

al., 2019; Lepage & Theoret, 2006; Muthukumaraswamy et al., 2004; Muthukumaraswamy et 

al., 2006; Sakihara & Inagaki, 2015). Attenuation of the mu rhythm, known as mu 

suppression, is thought to reflect the desynchronised activity of the sensorimotor cells that is 

triggered by movement execution or observation (Pfurtscheller et al., 1997). Past mu studies 

have reported that both execution and observation of grasping hand movements (e.g., 

Streltsova et al., 2010), pincer movements with thumb and the index finger (e.g., Cochin et 

al., 1999), and sucking and biting movements (Muthukumaraswamy et al., 2006) induce mu 

suppression. These findings support the existence of a mirror-neuron network (MNN) in 

humans that is implicated in action perception (for a recent review, see Keysers et al., 2018). 

In addition to motor simulation, evidence for a similar mechanism underlying emotion 

processing has arisen from research showing an overlap between neural structures that are 

activated during voluntary imitation and observation of emotional facial expressions; 

specifically, the premotor area, the parietal area, the insula and the amygdala (Carr et al., 

2003; Leslie et al., 2004; Van der Gaag et al., 2007). Consistent with a motor theory of 
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empathy, these findings indicate that action representations that are activated during facial 

expression observation communicate with the limbic areas through the insula, possibly 

allowing for understanding and sharing emotions (Carr et al., 2003). This concordance 

between perception and sensation has been observed in a variety of sensory domains, 

including pain (Corradi-Dell’Acqua et al., 2011; Hutchison et al., 1999; Singer et al., 2004), 

touch (Keysers et al., 2004; Kuehn et al., 2014; Lamm et al., 2015), disgust (Calder et al., 

2000; Wicker et al., 2003), and taste (Jabbi et al., 2007). Taken together, findings indicate 

that mirroring is very likely to also be a property of non-motor systems in various cortical and 

subcortical brain regions. 

Mu rhythm activity has been found to be sensitive to top-down contextual influences. 

Studies that have investigated the modulatory effect of pain on the mu rhythm have reported 

greater suppression during visual perception of limbs in painful compared to non-painful 

situations (Cheng et al., 2014; Hoenen et al., 2015; Yang et al., 2009). For example, recently, 

Hoenen et al. (2018) demonstrated that viewing actions (e.g., cutting a cucumber) depicting 

pain (e.g., finger placed between knife and cucumber) evoked stronger mu suppression than 

their almost visually identical no-pain counterparts (e.g., finger not endangered). Other 

studies have found that the relevance of the observed action for the observer modulates motor 

resonance (Dickter et al., 2013; Oberman et al., 2008; Varnum et al., 2016). For example, 

Dickter et al. (2013) found greater mu suppression in smokers than non-smokers to viewing 

humans interacting with cigarettes than only cigarette images, whereas both groups showed 

greater mu suppression while viewing nonsmoking-related stimuli (e.g., toothbrush) in the 

interaction than the object-only condition. In children, viewing hand movements showed the 

greatest mu suppression to their own movement, followed by a familiar person’s, and least 

suppression to the stranger’s, indicating the sensitivity of the mu rhythm to the actor’s 

familiarity (Oberman et al., 2008). In a study investigating the link between mu suppression, 

reward value of the stimuli and empathy, Gros et al. (2015) reported stronger mu suppression 
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in the alpha and beta bands while viewing happy expressions that had been conditioned to be 

associated with a reward compared to those associated with a loss. This finding suggests that 

empathy towards the actor modulates mu suppression. The sensitivity of the mu rhythm to 

contextual information indicates that the internal simulation of actions extends beyond crude 

motor mimicry, which involves merely mirroring the kinematic properties of observed 

actions and suggests an assessment of the social content of the stimuli. 

Recent contributions to our understanding of emotion simulation have come from 

work exploring mu modulation during observation of different types of facial expressions. In 

a study in infants, Rayson et al. (2016) found significant bilateral mu suppression for non-

emotional expressions (mouth opening), but only right-hemispheric suppression for 

emotional (happy or sad) facial expressions. An emotion categorisation study from our group 

reported greater mu suppression while viewing dynamic videos of non-emotional facial 

movement (mouth opening) compared to non-biological movement (kaleidoscope pattern), 

but this was not observed for emotional faces (happy or sad) (Karakale et al., 2019). Greater 

mu suppression in the mouth opening condition may be due to the heavier workload imposed 

on the sensorimotor system when attempting to extract emotional content from a non-

emotional stimulus. This contrasts to the relative ease in inferring happiness/sadness from the 

very pronounced happy/sad facial expressions. This suggests that the mental simulation 

system is engaged more by ambiguous social information compared to readily recognisable 

actions and emotions (Karakale et al., 2019). Several infant studies have also demonstrated 

that watching actions that do not have readily recognisable meanings (e.g., bringing a cup to 

the ear, turning on a lamp with head) evoked stronger mu suppression than ordinary actions 

(bringing a cup to the mouth, turning on a lamp with hand) (Langeloh et al., 2018; Stapel et 

al., 2010). These findings indicate that the sensorimotor system is involved in deciphering the 

meaning of actions. The sensitivity of the mu rhythm to ambiguous social emotion 
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information is a question that remains to be resolved and is key to understanding the role of 

the sensorimotor system in emotion processing. 

The role of the sensorimotor cortex in emotion understanding can be modelled 

through the Predictive Coding Framework of action perception (Kilner et al., 2007; Kilner, 

2011). This model conceives of actions at four different levels of abstraction: intention (the 

long-term goal initiating the action), goals (the short-term objective of the component action), 

kinematics (the sensory input providing information about the trajectory and the velocity of 

the action), and the muscle level (the muscles directly used to execute the action). At each 

level, the predicted attribute, generated by past experiences and prior expectations, gets 

compared to the observed attribute, which is defined by the immediate incoming information. 

For example, predictions about the objective of an action are sent from the goal level down to 

the kinematics level, and there the predicted kinematics associated with that goal get 

compared to the observed kinematics. Any discrepancy between a prediction and an 

observation generates a prediction error. This error signal is propagated back to higher 

levels, and results in prediction updating in the goals or even intentions of the action. Via 

continuous reciprocal interactions between the different levels, the prediction error is 

minimised and a more accurate understanding of an observed action is determined. Through 

this predictive mechanism, the observer is able to tell, for example, that the observed 

individual is picking up a cup in order to drink from it. However, if after picking up the cup 

the person tips the contents into a sink, prediction error would need to be minimised through 

updating of goals and intentions to arrive at a new understanding of the action (e.g., to clean 

the cup). 

A similar predictive process may be engaged when deciphering the emotional content 

of an action. Based on their knowledge and experience about the mental states associated 

with different types of smiles, an observer might interpret a smile in a face which involves lip 
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pressing as affiliative, therefore arrive at an understanding of the action intention as signaling 

an interest in maintaining a social bond (posterior belief). However, if the observer then sees 

a subtle pursing of the lips contradicting their initial interpretation, this sensory information 

would be used to update their belief through prediction error minimisation. At the kinematics 

level, this would involve reducing the discrepancy between the new sensory information 

about the kinematics of the observed movement and the prediction sent from the higher levels 

signaling the kinematics of an affiliative smile. When the error is minimised at all levels of 

the hierarchy through the reciprocal connections, this particular action of smiling could 

finally be interpreted as signaling dominance. From this perspective, expected, predicted or 

easily recognisable emotional expressions would be associated with a smaller prediction 

error, whereas others would cause a larger error. Larger prediction errors would require 

stronger employment of the mental simulation mechanism to reduce the level of uncertainty 

about this information. 

The aim of this study was to investigate the effect of ambiguity in social affective 

stimuli on mental simulation. For this purpose, we measured the modulation of sensorimotor 

mu activity during categorisation of happy, sad and neutral facial expressions. As described 

previously, past research shows that mu modulation likely reflects a higher-order simulation 

process rather than a simple mirroring of movement kinematics. Thus, although faces with 

clear, pronounced emotional expressions (‘unambiguous’) possess greater implied facial 

movement than those with more subdued, subtle expressions (‘ambiguous’), we in fact 

predict that there would be greater mu suppression in response to the ambiguous expressions. 

This is because the ambiguity inherent to neutral expressions leads to a greater workload 

being imposed on the sensorimotor system as it attempts to simulate the emotional content. 

To establish that any effects were specific to evaluating the emotional content of the faces, 

we included a control task that required participants to judge the direction in which faces 

were looking. Since this does not require mental simulation, the direction the faces are 
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looking should not affect mu suppression. Finally, in order to ensure our data specifically 

reflected mu activity from the sensorimotor cortex, we also measured alpha activity over the 

occipital cortex. This posteriorly-generated alpha is modulated by a number of non-motor 

factors, such as visual processing and attention (Hobson & Bishop, 2016), but should not 

differentiate between faces with differing expressions or viewpoints. 

3.4 Methods 

3.4.1 Participants 

Twenty-three participants with no reported neurological deficits (12 female, mean age 

= 24, SD = 4.9 years), with normal or corrected-to-normal vision, were recruited through 

advertisements placed around the University of Auckland campus and online through the 

School of Psychology website. Participants were compensated for their time with a $20 

supermarket voucher. All participants provided written informed consent, and the 

experimental protocol was approved by the University of Auckland Human Participants 

Ethics Committee and conducted in compliance with the Declaration of Helsinki. 

3.4.2 Stimuli 

Stimuli were obtained from the Radboud Faces Database (RaFD; Langner et al., 

2010). The stimulus set contained static facial images of 38 actors (19 female) portraying 

happy, sad and neutral facial expressions for the Emotion task, and left-, right- and forward-

oriented faces for the Orientation task. Each image was presented only once in each 

condition. Images were converted to greyscale and their size corresponded to 7.9° × 8.2° cm 

visual angle at a viewing distance of about 57 cm. 

3.4.3 Experimental tasks and procedure 

In the Emotion task, participants categorised happy, sad, and neutral forward-oriented 

faces as either happy or sad (i.e., neutral faces had to be categorised as happy or sad). In the 
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Orientation task, they categorised left-oriented (turned 45° left), right-oriented (turned 45° 

right), and forward-oriented neutral face images as either left or right (i.e., forward-oriented 

faces had to be categorised as left- or right-oriented). Both tasks used an identical protocol 

(see Figure 1). Only one image was presented in each trial. Each trial started with a 2000 ms 

blank screen, before a fixation cross appeared at the centre of the screen. The duration of this 

fixation varied randomly between 1050 and 1350 ms. Following the fixation cross, a face 

stimulus was presented at the same location for 1000 ms. Then, a blank screen appeared for 

1000 ms, followed by the response slide. This slide presented the two possible responses on 

the left and right of the screen: happy-sad in the Emotion task; or left-right facing arrows in 

the Orientation task. Participants pressed the “d” key on a keyboard if the emotional 

expression (Emotion task) or head orientation (Orientation task) more closely matched the 

label on the left, and the “k” key if it more closely matched the label on the right. The 

response prompt remained on the screen until a response was made before progressing to the 

next trial. The two tasks were completed in separate blocks, with the order counterbalanced 

across participants. Each task contained 38 images in each of their 3 conditions 

(happy/sad/neutral or left/right/forward), for a total of 114 trials in each block. Participants 

were allowed a 5- to 10-minute rest period between tasks, and the whole experiment lasted 

about 30 minutes. 
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Figure 3.1. Structure of the experimental design. Shown down the centre is an example 

image from the ambiguous stimuli list, which were common to both tasks. An example image 

for each of the unambiguous conditions for the Emotion task is presented on the left (orange 

text), and for the Orientation task on the right (blue text). Each trial started with a blank 

screen (2000 ms). Then a fixation cross appeared at the centre of the screen (1050 - 1350 ms), 

followed by a face stimulus (1000 ms). After this, a blank screen appeared (1000 ms), before 

participants were prompted for their response. The response slide presented the labels happy 

and sad in the Emotion task or left- and right-facing arrows in the Orientation task. 

Participants pressed “d” key on a keyboard if the emotional expression or the head 

orientation of the face matched the label on the left, and the “k” key if it matched the label on 

the right. The next trial began as soon as a response was made. 
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Happy and sad faces in the Emotion task, and right- and left-oriented head images in 

the Orientation task were designated unambiguous conditions. These stimuli had a greater 

degree of implied movement relative to the neutral, forward-oriented faces, which were 

classified as the ambiguous condition and were identical between the two tasks. Given the 

two-alternative, forced-choice nature of the tasks, categorisation of the ambiguous stimuli 

was therefore completely arbitrary. However, participants were only told that some of the 

expressions/orientations would be easy to categorise whereas others would be more difficult. 

The fact that some faces contained no emotion or were oriented directly forwards was not 

made explicit to the participants. During debriefing, some participants expressed finding 

some images difficult to categorise, but none mentioned the fact that they were neutral or 

forward-facing. 

3.4.4 EEG data recording 

During the experiment, participants sat in a comfortable chair in an electrically- and 

acoustically-shielded, dimly-lit room (IAC Noise Lock Acoustic – Model 1375, Hampshire, 

United Kingdom). EEG was recorded continuously at 1000 Hz with an analogue band-pass 

filter of 0.1 - 400 Hz, using a 128-channel Ag/AgCl electrode net (Electrical Geodesics Inc., 

Eugene, Oregon, USA). Electrode impedances were kept below 40 kΩ, an acceptable level 

for this system (Ferree et al., 2001). EEG was acquired using a common vertex (Cz) reference 

and later re-referenced to an average reference offline. 

3.4.5 EEG data preprocessing 

EEGLAB toolbox (v13.6.5b; Delorme & Makeig, 2004) was used to preprocess the 

EEG data in MATLAB R2017a (Mathworks Inc.). First, data were downsampled to 250 Hz, 

and then high-pass filtered at 0.1 Hz and low-pass filtered at 40 Hz. The continuous 

recordings were then segmented into 4000 ms epochs, extending from 2000 ms before to 

2000 ms after stimulus onset. Channels with an absolute threshold or activity probability limit 
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of 5 SD, based on kurtosis, were identify as bad and replaced with an interpolation using the 

other channels. Data were then re-referenced to the average of all 128 channels. Then, 

independent component analysis (ICA) was performed only to identify and remove 

stereotypical eye, muscle, and single-channel artefacts that showed up in the first 10 ICA 

components, allowing most EEG data to be retained for statistical analysis. The minimum 

number of ICAs retained per participant was 119.  

3.4.6 EEG data analysis 

For each task and for each condition, baseline epochs of 1000 ms corresponding to 

the fixation cross immediately preceding stimulus onset, and stimulus epochs of 1000 ms 

starting from stimulus onset were obtained. Analysis of mu (8 – 13 Hz) power was conducted 

using data from 12 central electrodes overlying primary sensorimotor areas (left: C3, 30, 31, 

37, 41, 42 and right: C4, 80, 87, 93, 103, 105), and for alpha power using data from 3 

occipital electrodes over the visual cortex (O1, Oz and O2) (see Figure 2). At each electrode, 

a Fast Fourier Transform was applied to calculate the power spectral density (PSD) 

associated with the baseline period and the stimulus period of each trial. Mu/alpha power 

modulation at each electrode was calculated by taking the ratio of the stimulus period PSD 

relative to that of the baseline period. Trials with a PSD ratio value greater than 3 scaled 

median absolute deviations (MAD) from either the central or the occipital cluster median 

PSD ratio value were excluded as outliers. On average, for the central cluster, 96.62% of 

happy, 97.21% of sad, and 96.94% of neutral face trials, and 96.54% of left-oriented, 95.83% 

of right-oriented, and 96.45% of forward-oriented face trials were retained; for the occipital 

cluster, 97.24% of happy, 96.16% of sad, 96.62% of neutral face trials, and 95.78% of left-

oriented, 96.45% of right-oriented, and 96.24% of forward-oriented face trials were retained. 

In order to obtain the mu and alpha modulation scores for each condition, the mean of the 

PSD ratio values of the central and occipitals clusters was calculated, respectively. This 

resulted in a single mu and a single alpha ratio score for each condition, for each participant. 
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Due to non-normal distribution of ratios, data were log-transformed prior to statistical 

analysis. A log-ratio value of less than zero indicates mu/alpha suppression, while a value 

greater than zero indicates enhancement. 

 

 

 

Figure 3.2. EEG electrode clusters used for statistical analysis. Top view of the 128-

channel EEG array shows the central cluster used to calculate mu power modulation 

(highlighted in yellow), and the occipital cluster used to calculate alpha power 

modulation (highlighted in grey). 
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Upon visual inspection of preprocessed EEG data, recordings from one participant 

were identified as extremely noisy and so was not analysed further. In addition, during data 

analysis 2 participants during the Emotion task and 4 participants during the Orientation task 

had one or more PSD ratio values that were greater than 3 scaled MAD from the median PSD 

ratio value. Therefore, they were excluded from statistical analysis. Finally, accuracy in the 

unambiguous conditions of both tasks was calculated for each participant to ensure that they 

had paid attention throughout the task. One participant incorrectly categorised 16% and 26% 

of the trials in the left and right head orientation conditions, respectively. This differed from 

the other participants, for whom accuracy was close to 100%, and so they were removed from 

further analysis. The following statistical analyses were conducted on data from 19 

participants in the Emotion task and 17 participants in the Orientation task. R (R Core Team, 

2019) was used for all statistical analyses, except the exploratory event-related spectral 

perturbation (ERSP) analysis, which was performed using the EEGLAB toolbox (v2019.0; 

Delorme & Makeig, 2004) in MATLAB R2018b (Mathworks Inc.). For all tests, a p-value of 

< .05 was assumed to be statistically significant. 

3.5 Results 

Before comparing between task conditions, the degree of mu and alpha modulation 

within each condition was assessed in a series of paired-samples t-tests by comparing the 

stimulus period PSD values with their corresponding baseline period PSD values. In the 

Emotion task, significant mu suppression was observed in response to both neutral (t(18) = 

4.88, p < .001) and happy (t(18) = 2.44, p = .025) faces, but only marginally to sad faces 

(t(18) = 2.07, p = .053). Significant occipital alpha suppression was observed to all faces 

(happy: t(18) = 2.42, p = .026; sad: t(18) = 3.17, p = .005; neutral: t(18) = 3.31, p = .004). In 

the Orientation task, significant mu suppression was observed to forward-oriented faces 

(t(16) = 4.84, p < .001), but not left (t(16) = 1.87, p = .08) or right (t(16) = 1.54, p = .144) 
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faces. Significant occipital alpha suppression was observed to faces oriented forward (t(16) = 

2.37, p = .031) and right (t(16) = 2.14, p = .048), and marginally to left (t(16) = 1.95, p = 

.069). 

Next, four separate one-way repeated measures ANOVAs were run to assess the 

degree of difference in mu and alpha modulation in the Emotion and the Orientation tasks. 

Results from Mauchly’s test indicated that the assumption of sphericity was met in all 

instances. There was a significant main effect of emotional expression on mu modulation (F(2, 

36) = 3.5, p = .041, ηG2 = 0.08), but not of head orientation (F(2, 32) = 1.73, p = .193, ηG2 = 

0.03). Two one-tailed planned comparisons (i.e., neutral > happy, neutral > sad) then tested 

our hypothesis that mu suppression would be significantly greater in the ambiguous condition 

(i.e., neutral: M = -0.041, SD = 0.064) compared to either of the unambiguous conditions 

(i.e., happy: M = -0.005, SD = 0.078; or sad: M = 0.012, SD = 0.087). Consistent with our 

hypothesis, mu suppression was significantly greater in response to neutral faces compared to 

happy (t(18) = 1.85, p = .041) and sad (t(18) = 2.22, p = .02) faces. As predicted, there was 

no difference between happy and sad expressions (t(18) < 1). Furthermore, there was no 

effect of head orientation on mu suppression (F(2, 32) = 1.73, p = .193, ηG2 = 0.03), and there were 

no differences in the amount of occipital alpha suppression between conditions of either task 

(Emotion: F(2, 36) = 1.166, p = 0.323, ηG2 = 0.01; Orientation: F(2, 32) = 2.18, p = .129, ηG2 = 0.01) 

tasks. The distribution of the mu/alpha modulation scores are displayed in Figure 3.3. 
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Figure 3.3. Modulation of (A) mu and (B) alpha in the emotion task, and (C) mu and (D) 

alpha in the head orientation task. Each dot corresponds to a participant’s log PSD ratio. 

Scores below 0 indicate suppression and above 0 indicate facilitation. Inside each boxplot, 

the bigger dot represents the mean and the horizontal line represents the median of the 

condition. Kernel probability density of the data at different ratio values are represented by 

the density plots surrounding the data points. Significant differences are marked by an 

asterisk (* p < .05).  

Further exploratory analyses on ERSP in the Emotion and the Orientation tasks were 

conducted on four representative channels, two over the sensorimotor (C3 and C4) and two 

over the occipital cortex (O1 and O2). Figure 3.4 illustrates the mean ERSP associated with 

stimulus processing during both tasks, calculated over the time window of approximately 
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1000 ms pre- and post-stimulus. The time-frequency points that deviated significantly from 

the baseline were determined using parametric statistics (p < .05, uncorrected). In the 

Emotion task, significant differences between conditions in suppression of power in the 8 - 

13 Hz frequency band were observed beginning with stimulus onset (0 ms) at both 

sensorimotor channels. The plots suggested that this difference arose from greater 

suppression to neutral compared to happy and sad faces (top left). Other plots did not suggest 

any differences between conditions which appeared to be driven by greater alpha band 

suppression to neutral than happy and sad faces at O1 and O2 (bottom left), or to forward- 

compared to left- and right-oriented faces at C3 and C4 (top right) or at O1 and O2 (bottom 

right). 
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Figure 3.4. Event-related spectral perturbation (ERSP) associated with emotion or orientation 

categorisation relative to the 1000 ms pre-stimulus baseline. ERSP plots from representative 

electrodes selected over the regions of interest (i.e., left and right sensorimotor and occipital 

cortices) show the time-frequency decomposition for each channel (i.e., C3, C4, O1, O2) in 

each task. Colour bars depict power in dB. The ERSP plots depict significant differences (p < 

.05, uncorrected) between conditions in their alpha band suppression levels at channels C3 

and C4 during the Emotion task, which appears to arise from greater suppression beginning 

with stimulus onset (0 ms) in the neutral face condition compared to happy and sad faces. 

Accuracy and reaction times (ms) were analysed. Mean accuracy in the unambiguous 

conditions in both tasks were above 97%. On the other hand, 65% of neutral faces were 

categorised as sad, and 67% of forward-oriented faces were categorised as right-oriented. 

Accuracy results indicate that participants paid attention throughout the experiment. 

Participants responded slower in neutral (M = 2963.31, SD = 800.09) than happy (M = 

2854.58, SD = 672.39, p = .002) and sad face (M = 2868.08, SD = 699.41, p = .01) 

conditions, and in forward-oriented (M = 3015.22, SD = 1255.64) than left- (M = 2715.21, 

SD = 721.96, p < .001) and right-oriented face (M = 2735.94, SD = 741.54, p < .001) 
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conditions. There were no differences in reaction time between the unambiguous conditions 

in either task (p > 1). 

3.6 Discussion 

3.6.1 General discussion 

The goal of this study was to investigate the sensitivity of sensorimotor simulation to 

ambiguous facial expressions. To do this, we measured EEG mu suppression as participants 

viewed unambiguous (happy/sad) and ambiguous (neutral) facial expressions. As 

hypothesised, there was significantly greater mu suppression over sensorimotor regions in 

response to neutral faces compared to happy or sad faces. Given the link between mental 

simulation and mu suppression, this suggests greater involvement of the MNN when 

evaluating the emotional content of neutral faces. A generalised alpha suppression to visual 

differences between neutral and emotional faces was excluded as occipital alpha showed no 

difference between the different expressions. Furthermore, the mu suppression was not the 

result of some form of a general task effect, as determining the orientation of forward-

oriented faces as left or right produced no similar mu suppression despite taking longer to 

elicit a response compared to the left- or right-oriented faces. 

The selective response of mu oscillations to categorisation of neutral faces suggests 

that it is not purely responding to the amount of movement, here implied, in the stimulus. 

Past work has found that the mu rhythm is sensitive to factors beyond movement kinematics, 

such as the contextual appropriateness of motorically-identical actions (Koelewijn et al., 

2008). Stronger mu suppression to neutral faces in the present study, which lacked almost any 

implied movement compared to happy or sad facial expressions, provides evidence for the 

involvement of the sensorimotor cortex in higher-level cognitive processing of emotion. 

Assessing the emotional content of neutral faces is not as easily determined as it is for purely 

happy and sad faces. As such, sensorimotor processing might become more intense as it 
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attempts to resolve this ambiguity. Stronger mu suppression and slower reaction time 

observed during categorisation of neutral faces suggest that mental simulation of emotion is 

more taxing when processing faces with expressions that are not easily mapped to a particular 

emotion. 

Observing ambiguous social information, as in the current study and Karakale et al. 

(2019), incorrect execution of actions (Koelewijn et al., 2008), or unusual actions, such as 

turning a lamp with the head (Langeloh et al., 2018) or lifting a cup to the ear (Stapel et al., 

2010), appears to increase activity in implicated brain networks to resolve the issue of 

violated prior action expectations. In the predictive coding framework, action predictions that 

are violated by incoming sensory information are updated through error minimisation, which 

is a process reflected in enhanced activity in the motor system (Gardner et al., 2015; Gerson 

et al., 2017; Gordon et al., 2018; Kilner et al., 2007). If the discrepancy between the 

prediction at one level and the subsequent input from the level below is low, there is less need 

for updating the model which would be reflected in reduced sensorimotor activity. We argue 

such a predictive mechanism can explain the greater mu suppression associated with 

observation of ambiguous facial expressions. From this perspective, the prediction error is 

determined by the reciprocal signalling that takes place between the kinematics level in 

which the movement of the parts of the observed face is described, and the goal level that 

describes the actor’s short-term goal of making an emotional facial expression. In real life, 

while decoding facial expressions, we take into consideration social information received 

from multiple sources, such as bodily gestures, prosody and content of speech. Such 

contextual information enables us to narrow down the otherwise excessive number of 

possible emotions that can be observed in a face. In the present study, the two-alternative 

forced-choice nature of the task reduced the need for contextual information. Participants 

searched for either of the two emotions (i.e., happiness or sadness). In this scenario, given 

that the actor’s inferred goal is either to make a happy or a sad face, the observer predicts the 
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associated kinematics on the basis of their own action system: lifting of the lip corners in the 

former, corrugation of the eyebrows in the latter. The predicted kinematics then get compared 

to the observed kinematics to produce a prediction error. Based on this prediction error, the 

observer updates their representation of the actor’s goal, and reaches a decision: “They are 

making a happy (or sad) face.” The greater discrepancy between the predicted kinematics of 

the face depicting happiness/sadness and the observed kinematics of the expression in the 

ambiguous condition leads to more intense sensorimotor activity, indexed as increased mu 

suppression. 

Selective sensitivity of the mu rhythm to the ambiguity of emotion information may 

be due to the heightened social importance a stimulus gains during focus on its emotional 

content in order to categorise it as happy or sad compared to, for example, focusing on its 

direction to categorise it as right- or left-oriented. According to the social-relevance 

hypothesis of the MNN (Kilner et al., 2006), the predictive MNN is activated only when the 

observed information is deemed socially relevant (Kilner et al., 2006; Menoret et al., 2015). 

For example, Kilner et al. (2006) reported greater mu suppression during observation of arm 

movements when the actor was facing towards the participant rather than facing away from 

them. They interpreted this result as indicating the role of visuospatial attention as a gating 

mechanism for the mirroring system, leaving only the socially-relevant information for 

further processing. Similarly, upon observing a more dynamic temporal pattern in mu rhythm 

modulation during observation of grasping hand actions in a social context and 

communicative hand gestures compared to simple grasping actions and meaningless hand 

gestures, Streltsova et al. (2010) concluded that motor resonance is modulated by the goal 

and relevance of an action. In line with the social relevance account of the MNN, in the 

current study, high social significance of emotion information may have activated the 

sensorimotor cortex differentially in response to easy-to-recognise versus more ambiguous 

facial expressions. From this perspective, the mirroring system is likely to be engaged during 
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emotion processing, because emotional information is crucial for social interaction. Due to 

the subjectivity of social relevance, the MNN would not be activated if the social information 

were perceived to be negligible. Such individual differences in social information processing 

may partly explain lack of mu suppression observed in some participants in some conditions. 

It should be noted that the current EEG results are not able to provide direct evidence 

for a causal role played by the sensorimotor cortex in recognising subtle emotional 

expressions. Mu rhythm, often superimposed on alpha rhythm, may reflect the activity of the 

frontal and/or parietal areas other than the central motor areas (Niedermeyer, 2005). In order 

to rule out the possibility of mu suppression indexing alpha suppression originating in non-

central areas, transient disruptions to motor cortex could be induced to investigate this 

region’s involvement in emotion processing. Recent findings from a transcranial magnetic 

stimulation (TMS) study by Paracampo and colleagues (2017) indicate that the sensorimotor 

area is causally essential for inferring amusement authenticity from observed smiles. 

Similarly, sensorimotor processing may be necessary for emotion recognition. Brain 

perturbation techniques could be administered in order to establish such a link between these 

brain regions and emotion recognition. 

3.6.2 Limitations  

Financial and time restrictions limited the number of participants recruited. Due to the 

limited power of the study associated with the small sample size, Type I error rate of .05 was 

assumed per comparison, without any adjustments for multiple tests. Inflated Type I error 

rate from multiple comparisons and Type II error rate from lack of statistical power restricts 

the generalisation of findings. As can be seen in the figures, there are similarities in mu/alpha 

suppression patterns between the two tasks. Thus, our interpretation of results may be 

erroneous. The results warrant further testing with a larger sample in order to provide support 
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for or against the claim that there is stronger mu suppression associated with ambiguous 

emotion information. 

3.6.3 Conclusion  

We observed increased mu suppression for ambiguous, neutral faces compared to 

unambiguous happy and sad faces. These results suggest that observing facial expressions 

may activate a mental simulation network to a greater extent when their emotional content is 

more ambiguous and difficult to assess. Our findings contribute to the sensorimotor theories 

of social affective cognition by providing support for the idea that mu suppression during 

processing of emotional stimuli reflects higher-order cognitive processing associated with 

emotion understanding, rather than being simply resulting from the observed movement 

kinematics. 
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Chapter 4. Hemispheric laterality of mu modulation and its relationship to empathy 

4.1 Chapter prologue 

The findings from Study 1 and Study 2 provide evidence for the role of the 

sensorimotor cortex in mental simulation of complex social emotional stimuli. In both of 

these studies, activity over the sensorimotor cortex was averaged across the two hemispheres 

to get a single value for mu modulation associated with facial emotion processing. It has been 

suggested that averaging mu suppression over electrodes may hide the effects of individual 

electrodes (e.g., Arnett et al., 2019). Thus, averaging across the central electrodes might have 

prevented us from capturing any specific contribution of each hemisphere to sensorimotor 

simulation of emotional movement. One of the aims of this study was to investigate brain 

asymmetry in mu modulation.  

Hemispheric differences in emotion processing that has been observed in past 

research (e.g., Borod et al., 1998; Calvo & Beltran, 2014) has been taken up by mirror neuron 

researchers to investigate whether a right-lateralised MNN provides a neural substrate for 

empathising with others (Dapretto et al., 2006; Leslie et al., 2004). Inconsistent findings 

provided by a limited number of studies require future research to understand whether the 

sensitivity of the right sensorimotor cortex to emotion information is related to sharing 

others’ emotions. The second aim of this study was to test the relationship between lateralised 

mu modulation and empathic ability. Lateralised mu modulation values were derived from 

the EEG recordings used in Study 1 and Study 2.   

4.2 Introduction 

Involvement of a shared circuitry during execution and observation of biological 

movement (e.g., Caspers et al., 2010; Molenberghs et al., 2012; Mukamel et al., 2010), and 

experiencing and observing emotions and sensations (e.g., Corradi-Dell’Acqua et al., 2011; 
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Hutchison et al., 1999; Kuehn et al., 2014; Lamm et al., 2015) suggests that the relational 

nature of human behaviour requires a mental simulation mechanism for the successful 

operationalisation of social cognitive processes. These processes include imitation, language, 

inferring others’ mental states (theory of mind; ToM), and understanding and sharing their 

emotions, an ability called empathy (Gallese, 2001; Oberman & Ramachandran, 2007). From 

a mirror neuron perspective in which these neurons are described as coding specific action 

representations, an intact mirror neuron network (MNN) allows understanding others’ actions 

(Rizzolatti & Fabbri-Destro, 2008), predicting their next action (Csibra, 2008; Kilner et al., 

2007), learning through imitation (Marshall & Meltzoff, 2011), acquiring language 

(Rizzolatti & Arbib, 1998; Theoret & Pascual-Leone, 2002; Wolf et al., 2001), and empathy 

(Carr et al.; 2003; Gallese, 2001, 2005; Gallese et al., 2004; Hoenen et al., 2017; Iacoboni, 

2009; Nummenmaa et al., 2008). 

The involvement of the MNN in face processing has been suggested as a means by 

which people understand and share others’ emotions (Carr et al., 2003; Moore et al., 2012). 

EEG studies which have measured mu rhythm desynchronisation (mu suppression) over the 

sensorimotor area to infer mirroring activity associated with facial expression processing 

have reported greater mu suppression associated with observation of faces compared to non-

face stimuli (Cooper et al., 2013; Karakale et al., 2019; Moore & Franz, 2017; Moore et al., 

2012). Recently, using repetitive transcranial magnetic stimulation (TMS), Paracampo and 

colleagues (2017) provided direct evidence for the involvement of the sensorimotor activity 

in understanding the authenticity of observed smiles. They investigated the distinct roles in 

inferring amusement of the sensorimotor network (i.e., inferior frontal gyrus [IFG] and 

ventral primary somatosensory cortex) that supports action perception and understanding, and 

the mentalising network (i.e., prefrontal and temporo-parietal areas) that supports mental state 

understanding. Disruption of the sensorimotor regions interfered with the participants’ ability 

to infer amusement authenticity. The same stimulation did not have any effect on 
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performance in the non-social task, which involved tracking the smiling expression without 

inferring amusement. On the other hand, TMS over the mentalising areas or control 

stimulations did not affect performance on either task. The results indicate that the 

sensorimotor network involved in the motor control and sensing of facial movements plays a 

critical role in inferring the sincerity of an action. These studies that have looked at the 

performance of the sensorimotor cortex during observation of facial expressions pave the way 

for our understanding of the role of the sensorimotor simulation in emotion information 

processing. 

Despite the evidence for the role of the sensorimotor activity in facial emotion 

processing, specific contribution of each hemisphere to sensorimotor simulation of emotional 

movement remains unknown. The two major cerebral laterality theories of emotion 

perception put forward based on decades of research are the right-hemisphere hypothesis 

(RHH) and the valence hypothesis (VH). The RHH postulates that the expression and 

perception of all types of emotion, regardless of affective valence, is localised within the right 

hemisphere (Borod et al., 1998). The VH posits that the right hemisphere is dominant for 

processing negative (i.e., unpleasant) affect, and the left hemisphere is specialised for positive 

(i.e., pleasant) affect (Wedding & Stalans, 1985; Adolphs et al., 2001). The evidence for 

RHH has been more consistent (Borod et al., 1998; Calvo & Beltran, 2014; Killgore & 

Yurgelun-Todd, 2007; Moore et al., 2012). For example, Borod et al. (1998) found that, in 

discrimination of positive and negative emotions, participants with damage to their right 

hemisphere were significantly impaired relative to those with left-hemisphere damage. In a 

functional magnetic brain imaging (fMRI) study, Killgore and Yurgelun-Todd (2007) 

reported stronger activity in the posterior right hemisphere relative to the left hemisphere 

during viewing positive and negative emotional expressions. Similarly, Leslie et al. (2004) 

found greater activity in the right ventral premotor area during passive viewing of positive 

and negative facial expressions, and bilateral activity during their execution. In light of these 
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findings, mu suppression reflecting sensorimotor simulation might be stronger in the right 

compared to the left hemisphere during emotional movement observation.   

In mu suppression research, some studies have reported bilateral suppression during 

action observation (Cochin et al., 1999; Cooper et al., 2013; Muthukumaraswamy et al., 

2004) whereas others have suggested that sensorimotor activity might be stronger in the right 

compared to the left hemisphere (Frenkel-Toledo et al., 2013; Gros et al., 2015). As discussed 

by Frenkel-Toledo et al. (2013), in respect to limb movements, bilateral mu suppression 

during action observation and execution may be observed due to the inability of EEG to 

distinguish between excitatory post-synaptic potentials, which might evoke contralateral 

suppression, and inhibitory post-synaptic potentials, which might result in ipsilateral 

suppression. It is important to note that characteristics of mu suppression associated with 

emotional facial movement may be different from those associated with non-emotional hand 

and limb movements. Only a handful of mu studies have investigated hemispheric activation 

during observation of facial expressions, and provided evidence consistent with the RHH 

(Moore et al., 2012; Rayson et al., 2017; Rayson et al., 2016). Moore et al. (2012) reported 

greater response in the right than the left hemisphere during facial emotion perception.  

Right-lateralised mu suppression for happy and sad, and bilateral mu suppression for neutral 

(mouth opening) facial expressions during observation in 30-month-old children (Rayson et 

al., 2016), and right-lateralised mu suppression for happy faces but bilateral suppression for 

neutral and sad faces in 9-month-old infants (Rayson et al., 2017) were interpreted by the 

authors as indicating a more refined response for the happy than the sad faces in the younger 

group and a developed right-lateralised sensorimotor activity associated with facial 

expression observation in the older group. Inconsistent findings from the limited literature 

concerning the specific contributions of the right and left sensorimotor cortices during action 

observation require further research.  
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Based on the evidence from past work for the RHH of emotion processing, it has been 

suggested that a right-lateralised mirroring mechanism could provide a neural substrate not 

only for understanding others’ emotions (cognitive empathy), but also for sharing them 

(affective empathy) (Dapretto et al., 2006; Leslie et al., 2004). Leslie et al. (2004) interpreted 

their observation of the right-lateralised ventral premotor cortex activity during face 

observation as suggesting the applicability of the RHH to a mirroring mechanism which 

facilitates empathy. A similar conclusion was given by Dapretto et al. (2006), who found 

activity in the right IFG during facial expression observation in typically developing children. 

Others have sought to investigate the relationship between the MNN and empathy by 

conducting correlation analysis between the level of brain activity and behavioural empathy 

measures (Gazzola et al., 2006; Jabbi et al., 2007; Pfeifer et al., 2008). The two common self-

report questionnaire measures of empathy that have been used in the MNN literature are the 

interpersonal reactivity index (IRI; Davis, 1983) and empathy quotient (EQ; Baron-Cohen & 

Wheelwright, 2004). Several fMRI studies have reported a positive relationship between the 

degree of activity in the key MNN regions (i.e., the IFG and the superior temporal sulcus 

[STS]) and empathy levels. For example, Schulte-Ruther et al. (2007) reported that 

participants with higher empathy had stronger activity in the bilateral IFG and the left STS 

while viewing emotional facial expressions. Similarly, Singer et al. (2004) showed that, 

compared to low-empathy group, participants with high empathy had stronger activity in the 

pain perception regions while viewing their partners in pain.  

Correlation analyses looking at the relationship between mu suppression and empathy 

levels have reported inconsistent findings (Cheng et al., 2008b; Yang et al., 2009; Peled-

Avron et al., 2016; Perry et al., 2010b; Woodruff & Klein, 2013). It is important to clarify 

that if greater mu suppression scores (less negative) are associated with greater empathy 

levels, it shows a positive correlation that indicates a negative relationship, meaning that as 

mu suppression increases, empathy decreases. A positive relationship, indicating higher 
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empathy corresponding to stronger mu suppression has been found in several studies: Cheng 

et al. (2008a) found a positive relationship between mu suppression to the viewing of hand 

movements and the personal distress subscale of the IRI, which taps the extent of emotion 

sharing in response to others’ distress. They concluded that mu suppression can be a potential 

biomarker of empathic mimicry. Similarly, in an MEG study, Cheng et al. (2008b) reported a 

positive relationship between the perspective taking subscale of the IRI and the MEG mu 

suppression during empathy for pain relative to no-pain, and Yang et al. (2009) between mu 

suppression and the personal distress subscale of the IRI in the pain condition only for the 

females. In line with these, Peled-Avron et al. (2016) found that people with higher empathy 

levels exhibited greater mu suppression while observing social human touch.  

In contrast to the studies reporting a positive relation between mu suppression and 

empathy, Perry et al. (2010b) found a negative relationship between the EQ and mu 

suppression to viewing point-light displays of a human figure’s approaching or retreating. 

The authors argued that a possible explanation for this finding could be the reduced need of 

the high empathisers to simulate others’ motor acts, warning against generalising the findings 

without replication in future research. Similarly, Woodruff and Klein (2013) found an inverse 

relationship between mu suppression and the perspective taking subscale of the IRI, but not 

the EQ. Mixed results indicate that more research is needed to understand the direction of the 

relationship between mu suppression and empathy. 

The first aim of the present study was to investigate whether there was a brain 

asymmetry in mu suppression induced by observation of happy, sad and neutral facial 

expressions. Due to the inclusion of both positive and negative emotional stimuli, we were 

able to test both the RHH and the VH in relation to mu suppression. Based on the literature 

showing more consistent evidence for the RHH hypothesis, we predicted that that mu 

suppression might be stronger in the right hemisphere in all of the emotion conditions. The 
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second aim of the study was to investigate whether the degree of mu suppression is correlated 

with empathy levels. The EQ was chosen over the IRI as the measure of empathy, because 

some questions in the IRI which tap fantasy may be measuring processes beyond empathy, 

making the EQ a better measure of only empathy. Drawing on research showing right 

hemisphere dominance in emotion processing and the rationale suggesting that people high in 

empathy would require less resources to understand others’ emotions and empathise with 

them, it was hypothesised that there would be a positive correlation (negative relationship) 

between the degree of right-hemisphere mu suppression and self-reported empathy scores, 

such that stronger mu suppression would be associated with lower empathy in all of the 

emotion conditions. 

4.3 Experimental procedures 

This chapter reports additional analyses of the EEG mu data used in Study 1 (Chapter 

2) and Study 2 (Chapter 3). Two sets of lateralisation and correlation analyses, one with the 

EEG and behavioural data from Study 1 (the Dynamic Image task, n = 22) and one from 

Study 2 (the Static Image task, n = 19), were conducted. Due to the exploratory nature of the 

analyses, the Type 1 error rate was not adjusted to account for multiplicity. Details 

concerning the participant information, EEG data collection and analysis can be found in 

Chapter 2 for the Dynamic Image task and Chapter 3 for the Static Image task. Only the new 

information regarding EEG data processing and questionnaire measures are described here.  

4.3.1 Hemispheric EEG mu analysis   

The left-hemisphere mu modulation score was calculated as the average of the 6 

electrodes over the left sensorimotor cortex (C3, 30, 31, 37, 41, 42), and the right-hemisphere 

mu modulation score was calculated as the average of the electrodes over the right 



CHAPTER 4: MU LATERALISATION AND EMPATHY 

63 
 

sensorimotor cortex (C4, 80, 87, 93, 103, 105). Log ratio values below zero indicates mu 

suppression in the 8 - 13 Hz range. 

4.3.2 Self-report measure of empathy 

Following the EEG tasks described in Study 1 and Study 2, participants were 

administered a forced-choice self-report empathy questionnaire. They were told that the 

questionnaire was about emotion processing. The Empathy Quotient (EQ; Baron-Cohen & 

Wheelwright, 2004) was used as a measure of empathy. The EQ consists of 40 questions on 

empathy and 20 distractor questions. The version used in the current experiments had the 20 

filler items removed. In the EQ, each item has a 4-point scale from “definitely agree” to 

“definitely disagree”. The items in the questionnaire describe a reaction to a social situation, 

such as “It doesn’t bother me too much if I am late meeting a friend”, or an appreciation of 

others’ actions and emotions, for example, “Other people tell me I am good at understanding 

how they are feeling and what they are thinking”. Each item scores 1 point for mild empathic 

behaviour, and 2 points for strong empathic behaviour. To avoid a response bias, 

approximately half of the items are phrased to elicit an “agree” response and half to elicit a 

“disagree” response for empathic behaviour (Baron-Cohen & Wheelwright, 2004; see the 

questions and the scoring sheet in the Appendix A). 

4.4 Results 

4.4.1 Hemispheric differences 

For each task, main effect of hemisphere on mu suppression in each condition was 

evaluated by a two-tailed t-test. For each test, significance level was set at .05. Outliers were 

included in the analysis.1 Table 4.1 shows the mean mu modulation values in the left and 

right hemispheres associated with each condition in each task, and the values of t-statistics 

                                                             
1 Removing the outliers did not change the pattern of results. Therefore, they were reported in the analysis. 
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with their corresponding probability values. None of the tests were significant (all p’s > .05). 

Boxplots show the distribution of scores for the Dynamic Image task (Figure 4.1) and the 

Static Image task (Figure 4.2). 

Table 4.1 

Hemispheric differences in mu modulation in the two emotion tasks 

Task   Emotion       Left     Right   

     M SD M SD t* p 

Dynamic Image Happy  -.32 .08 -.31 .07 0.26 .80 

   Sad  -.29 .07 -.30 .07 0.17 .87 

   Neutral  -.35 .10 -.34 .12 0.87 .40 

Static Image  Happy  -.00 .07 -.01 .09 0.31 .76 

   Sad   .03 .09 -.01 .12 1.77 .09 

   Neutral  -.03 .08 -.05 .06 0.99 .33 

Note. Left = Left hemisphere; Right = Right hemisphere; M = mean; SD = standard deviation. 

* The degrees of freedom equalled 21 in the dynamic image task, and 18 in the static image 

task.  
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Figure 4.1. The boxplots show the mu rhythm (8 - 13 Hz) modulation in the right and left 

hemispheres for the happy (green), sad (orange) and neutral (purple) face conditions in the 

dynamic image task (n = 22). Mu modulation below 0 indicates suppression and above 0 

indicates facilitation. The horizontal line in each box indicates the median value with the upper 

and lower edges representing 75 and 25 percentile, respectively. Outliers (>1.5× interquartile 

range) are represented by the black rings.  
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Figure 4.2. The boxplots show the mu rhythm (8 - 13 Hz) modulation in the right and left 

hemispheres for the happy (green), sad (orange) and neutral (purple) face conditions in the 

static image task (n = 19). Mu modulation below 0 indicates suppression and above 0 indicates 

facilitation. The horizontal line in each box indicates the median value with the upper and lower 

edges representing 75 and 25 percentile, respectively. Outliers (>1.5× interquartile range) are 

represented by the black rings. 
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4.4.2 Correlations 

For each task, correlations were computed between empathy scores (Dynamic Image 

task: mean EQ score = 44.36, SD = 13.42; Static Image task: mean EQ score = 44.42, SD = 

10.98) and right- and left-hemisphere mu suppression scores associated with each condition. 

Aside from a marginal correlation between the EQ and the right-hemisphere mu suppression 

in the dynamic happy face condition, showing that less mu suppression was associated with 

higher empathy scores (r(20) = 0.38, p = .08; see Figure 4.3), there were no other 

relationships between the EQ and mu suppression (all p’s > .1). Table 4.2 displays the 

correlation coefficients for the two tasks.  
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Figure 4.3. Scatterplot depicting the marginally significant correlation between 

right-hemisphere mu modulation scores in the dynamic happy face condition and the 

self-reported empathy score in the Empathy Quotient Questionnaire (EQ). Solid red 

line indicates the line of best fit using all participants. Shaded areas indicate 95% 

confidence intervals derived from bootstrapping. More negative mu modulation 

scores indicate greater mu suppression. 
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Table 4.2 

Correlation coefficients between empathy score and mu modulation for the two tasks 

Task      Mu modulation 

     Left    Right 

            Emotion  H    S    N    H   S   N  

Dynamic Image EQ .01 -.03 -.15  .38 .07 .34 

Static Image  EQ .16 -.32 -.05  .04 -.29 -.01  

Note. Left = Left hemisphere; Right = Right hemisphere; H = Happy; S = Sad; N = Neutral. 

The degrees of freedom equalled 20 in the dynamic image task, and 17 in the static image 

task.  

4.5 Discussion 

Present findings indicate that sensorimotor activity associated with facial emotion 

observation is (1) not related to the level of empathy of the viewer, and (2) bilateral. The 

present results are in favour of the bilateral involvement of the sensorimotor cortex during 

processing of facial expressions rather than the RHH or the VH. In mu literature, bilateral 

suppression during action observation with no significant difference between hemispheres is 

the common finding (e.g., Jenson et al., 2014; Muthukumaraswamy et al., 2004). In regards 

to facial expression perception, involvement of many bilateral cortical and subcortical 

regions, including the visual, motor and somatosensory areas with feedforward and feedback 

connections (Atkinson & Adolphs, 2011; Sato et al., 2015), may explain the bilateral 

suppression over the sensorimotor area. Furthermore, impaired performance in emotion 

recognition from faces was shown by TMS studies that disturbed the functioning of the left 

premotor cortex (Balconi & Bortolotti, 2013) and the left pre-supplementary motor area 

(Rochas et al., 2013), providing evidence against a right-lateralised emotion processing. 

These findings suggest that sensorimotor simulation associated with facial expression 

processing might be dependent on a bilateral sensorimotor system.  
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Given the inconsistent findings from past research, lack of correlation between mu 

suppression and empathy was not a surprising result. The only relationship of empathy with 

mu suppression, though weak, was right-lateralised, and was in response to the observation of 

dynamic happy face videos. One possible interpretation of this finding, consistent with the 

RHH of emotions and the motor theory of empathy, may be that the right sensorimotor cortex 

plays a predominant role in empathic processing. The trend indicates that higher empathy 

scores are associated with lower mu suppression. This finding may reflect the reduced 

workload imposed on the simulation mechanism in individuals with high empathy. 

Nevertheless, given the inflated Type 1 error rate and a trend that did not reach significance, 

the overall results suggest a lack of a relationship between mu suppression and empathy. 

There are several possible explanations for the observed lack of correlation. First, mu 

rhythm modulation associated with facial expression observation may not differ across 

individuals with intact emotion perception and self-other discrimination mechanisms. 

Woodruff et al. (2011) observed a positive relation between perspective taking ability and the 

size of the difference between execution- and observation-related mu suppression. The 

authors argued that understanding actions and intentions while maintaining the idea that these 

belong not to the observer but the observed person, as indicated by lower sensorimotor 

activity, may allow the observer to empathise with the actor without executing their action. 

Authors concluded that this self-other discrimination mechanism may explain some of the 

findings which indicate either a lack of or a negative relationship between mu suppression 

and empathy scores (Milston et al., 2013; Moore et al., 2012; Perry et al., 2010b).  

Second, a nonlinear model may better explain the relationship between mu 

suppression and empathy. For example, Woodruff and Klein (2013) proposed a nonlinear 

inverted-U function in which both low and high levels of mu suppression, corresponding to 

low and high mirror neuron activity, respectively, are associated with poor empathic 
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perspective taking, with moderate levels of suppression reflecting high empathy. According 

to this model, individuals with atypically low MNN activity may have similar empathy and 

perspective taking scores with people who have high MNN activity. They argued that the 

inverse relationship they observed in several experiments may be due to a bias in their sample 

toward moderate to high mu suppression scores, causing the relationship to appear as if low 

mu suppression is associated with high empathic perspective taking. A similar sample bias 

may explain the present results. The participants were university students without any 

psychopathology. Such samples, also small in size, may be biased toward the moderate range 

of mu suppression. More research is needed in order to determine whether an inverted-U 

function explains the relationship between mu suppression and empathy.  

Third, the present experimental design might not have triggered empathic responses 

which could be measured by mu analysis. Given past research findings showing the 

sensitivity of the mu rhythm to contextual information, such as the familiarity of the observed 

person (Oberman et al., 2008) or gaming context in which the hand gestures were viewed 

(Perry et al., 2011), an experimental design that involves more natural emotional stimuli 

which typically elicit empathic reactions may be more likely to capture the true relationship 

between mu suppression and empathy. Last, the small samples cast doubt on the reliability of 

the obtained correlation results. With a large sample, the existence and type of a relationship 

between mu suppression and empathy can be investigated by applying linear as well as 

nonlinear models to the data. 

It is important to note that if there are any hemispheric differences in mu modulation 

associated with facial expression observation and/or a relationship between mu modulation 

levels and empathy, these may be captured by experimental designs that use stimuli with high 

social and emotional relevance for the participants and with larger sample sizes. There is 

substantial evidence for the sensitivity of the MNN to socially relevant information from past 
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research and studies presented in this thesis (e.g., Dickter et al., 2013; Kilner et al., 2006; 

Oberman et al., 2007). As suggested by Oberman et al. (2008), sensitivity of mu suppression 

to socially relevant information may explain how the action recognition system has evolved 

to mediate action understanding and more complex social skills such as imitation, language, 

ToM and empathy. For a more nuanced understanding of the role the sensorimotor system 

plays in social affective processing, future research can address the issue of hemispheric 

differences in mu suppression associated with emotion-depicting movement perception as 

well as the type of relationship between the degree of lateralised mu suppression and 

empathy. 
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Chapter 5. Sensorimotor beta activity, mu suppression in autism, and the relation 

between autism traits and empathic processing 

5.1 Chapter prologue 

This chapter presents three exploratory studies conducted with the EEG data used in 

Study 1 (Chapter 2) and Study 2 (Chapter 3). Due to the exploratory nature of these analyses, 

the Type 1 error rate was not adjusted to account for multiplicity in any of the studies.  

The first three studies on the mu rhythm analysed activity only in the alpha band (8 – 

13 Hz). However, similar to the alpha component of the mu rhythm (alpha-mu), the beta 

component (beta-mu) is also thought to be generated by the sensorimotor cortex, and has 

been found to be suppressed during action execution and observation (e.g., Buard et al., 2018; 

Puzzo et al., 2011). In Study 4, the aim was to investigate whether the beta-mu (15 – 25 Hz) 

modulation would show a similar pattern to that of alpha-mu. To this end, beta analysis was 

conducted on the EEG data collected during the two emotion categorisation tasks. Identifying 

such functional similarity between the two components would allow researchers investigating 

sensorimotor simulation to focus on the beta component, thereby reducing the risk of 

capturing posterior alpha activity instead of the alpha-mu.  

Study 5 investigates and discusses whether and how autism traits and diagnosis relate 

to facial expression perception. Impairments in higher order cognitive processes, including 

empathy, characterise autism spectrum disorder (autism). Due to this proposed link between 

mirror neurons and social cognitive processes, the “broken” mirror neuron (BMN) hypothesis 

has been put forward to account for social deficits commonly observed in individuals with 

autism (Oberman et al., 2005; Ramachandran & Oberman, 2006). In Study 5, in order to 

assess whether the participants with an autism diagnosis showed an atypical MNN in the 

emotion tasks, their mu modulation scores were individually compared to the average mu 
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score of the neurotypical group. In addition, the relationship between mu modulation scores 

of the neurotypical participants from these two studies and their level of autism traits was 

examined. 

The last study of the thesis, Study 6, draws on the conceptualisation of autism as a 

spectrum condition. All individuals in the population exhibit autism traits to varying degrees 

(Ruzich et al., 2015). As deficits in empathic processes are commonly observed in individuals 

with an autism diagnosis, the severity of autism traits are suggested to show an inverse 

relationship with empathic ability across the whole population (e.g., Wheelwright et al., 

2006). Study 6 put this prediction to test by correlating the level of autism traits with the level 

of empathy. The majority of the participants were neurotypical. 

5.2 Introduction 

5.2.1 Sensorimotor beta activity during categorisation of facial expressions 

The effect of action perception on the sensorimotor cortex has been investigated using 

EEG and MEG by measuring the modulation of the mu rhythm not only in the alpha-range (8 

- 13 Hz; alpha-mu), but also in the beta-range (15 - 35 Hz; beta-mu). Similar to the alpha-mu 

rhythm, the beta-mu rhythm also originates in the sensorimotor cortex (Gaetz & Cheyne, 

2006; Quandt & Marshall, 2014; Ritter et al., 2009), and is suppressed during action 

execution (Buard et al., 2018; McFarland et al., 2000; Ono et al., 2013), observation (Puzzo 

et al., 2011; Quandt et al., 2012), and imagery (Pfurtscheller et al., 2005; Schnitzler et al., 

1997). Due to their common source location and response characteristics, a functional 

relationship between the alpha and beta components of the mu rhythm has been suggested 

(Ritter et al., 2009). The alpha-mu rhythm is thought to be sensitive to the somatosensory 

features of the observed actions whereas the beta-mu rhythm is likely to be of primary motor 

cortex origin (Avanzini et al., 2012; Coll et al., 2015; Hari, 2006; Hari & Salmelin, 1997; 

Ritter et al., 2009). Suppression of both components was suggested to be a physiological 
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marker of the mirror neuron network (MNN) activity (Muthukumaraswamy & Singh, 2008; 

Rossi et al., 2002). Although the mu suppression literature has focused on the modulation of 

the alpha-mu rhythm, it is important to acknowledge and study the contributions of the beta 

range activity. If the beta component is found to have a very similar functional role to the 

alpha component, studying the beta-mu would be advantageous over the alpha-mu to infer 

mirroring activity, because beta analysis circumvents the issue of alpha confound associated 

with attentional processes. 

The influence of contextual information on beta-mu suppression has been investigated 

in a number of EEG and MEG studies (Gros et al., 2015; Koelewijn et al., 2008; Orgs et al., 

2008). Gros et al. (2015) found that EEG alpha- and beta-mu suppression was greater to 

observation of happy expressions in faces that were previously associated with a high reward 

value (participant wins the game) compared to those that had a low reward value. The authors 

interpreted this result as indicating the modulatory effect of reward on empathy displayed 

toward others. In an MEG study involving execution and observation of speeded button press 

actions according to the cue, Koelewijn et al. (2008) observed reduced beta activity (15 - 30 

Hz) during execution and observation of erroneous actions than correct actions. The authors 

concluded that the motor system is involved in evaluating the correctness of others’ actions, 

indicating its role in higher forms of action understanding. Orgs et al. (2008) observed that 

both alpha- and beta-mu suppression (7.5 - 25 Hz) were modulated by the participant’s 

expertise with a certain movement style (dancing).  

The influence of face movement on action observation-related beta-mu suppression 

has been investigated in only a handful of studies. Muthukumaraswamy et al. (2006) found 

MEG beta-mu suppression (15 - 35 Hz) during observation of mouth movements (i.e., 

sucking and biting). Cooper et al. (2013) reported that there was an influence on low beta-mu 

(12 - 20 Hz) but not alpha-mu (8 - 12 Hz) suppression of viewing emotional facial 



CHAPTER 5: SENSORIMOTOR BETA ACTIVITY, MU SUPPRESSION IN AUTISM, AND THE RELATION 
BETWEEN AUTISM TRAITS AND EMPATHIC PROCESSING 

76 
 

expressions of an actor performing hand movements, and that this responsivity was sensitive 

to the level of autism traits of the participants. The authors suggested that the observed lack 

of suppression in the alpha band may be due to the differential modulatory effect of facial 

expression perception on the two components, indicating distinct functions of the two during 

simulation. Based on the notion that alpha-mu is more linked to somatosensory activity 

whereas beta-mu reflects motor activity (Hari, 2006), Cooper and colleagues (2013) 

suggested that their results might reflect greater motor than somatosensory response to their 

stimuli. On the other hand, enhancement of the beta-band power (14 - 30 Hz) across a 

network involving the premotor area, occipito-parietal areas and the superior temporal sulcus 

(STS) during observation of facial expressions has been reported in a recent MEG study by 

Jabbi et al. (2014). The authors interpreted the increased beta power in response to dynamic 

happy and fearful facial expressions relative to neutral static faces as indicating the critical 

role of the STS in processing facial movement, and the involvement of a distributed network 

in facial expression processing.    

Study 4 sought to determine whether previous reports of action observation-related 

beta-mu suppression could be extended to facial expression perception. Observing a similar 

pattern in the responsivity of the two mu components would indicate their interchangeability 

as a measure of sensorimotor simulation during emotional movement perception. In the 

present analysis, beta band was chosen as 15 - 25 Hz based on past research (Bowers et al., 

2018; Mizelle et al., 2010; Quandt & Marshall, 2014). 

5.2.2 The Bayesian brain, mirror neurons and autism 

5.2.2.1 The primary features of autism 

Since its initial description by Leo Kaner in 1943 (Kanner, 1943), autism has been 

one of the most widely researched areas in psychology. Cognitive and behavioural patterns 

associated with autism first present in early years of life, and persist into adulthood, 
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negatively affecting the life of the individual at school, work and social settings throughout 

life (Howlin et al., 2013; Nicholas et al., 2017). Current prevalence rates are estimated at 

~1.5% in developed countries around the world (Baxter et al., 2015).  

In the leading nosological system, the Diagnostic and Statistical Manual of Mental 

Disorders - Fifth Edition (DSM-5; American Psychiatric Association, 2013), autism is 

described as a neurodevelopmental disorder that is characterised by deficits in social 

communication and social interaction alongside restricted and repetitive patterns of behaviour 

and interests. Deficits in social communication include problems in verbal and nonverbal 

communication, sometimes lack of speech. Impaired social interaction presents as lack of 

joint attention, imitation, social anxiety and empathic behaviour. Obsessive and stereotyped 

patterns of behaviour include a fixated interest in particular subjects and a preoccupation with 

small details at the expense of global information. Hypo- or hyper-reactivity to sensory input, 

such as lights, sounds and touch (Case-Smith et al., 2015), and impairments in motor skills, 

such as problems with static balance and catching (Ament et al., 2015) are also commonly 

observed. Presentation of symptoms vary considerably across individuals (Perkins et al., 

2010).  

Despite the prevailing binary view of psychopathology, accumulating evidence 

suggests that dimensional rather than categorical models of mental health are better at 

explaining high rates of comorbidity and heterogeneity within categories (Wright et al., 

2013). This conceptualisation also applies to autism. In contrast to the notion of autism being 

a discrete disorder, evidence shows that autism traits are distributed across the whole 

population (Constantino & Todd, 2003; Posserud et al., 2006; Ruzich et al., 2015). A widely-

used self-report measure that quantifies the level of autism traits throughout the general 

population is the Autism Spectrum Quotient (AQ; Baron-Cohen et al., 2001). Some studies 

have reported that undiagnosed parents of individuals with an autism diagnosis have higher 
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AQ scores than control parents (Bishop et al., 2004; Wheelwright et al., 2010). Expression of 

mild forms of autism traits by close relatives of people with a diagnosis, known as the 

broader autism phenotype, provides further support against the categorical models that 

assume clear-cut boundaries between health and disorder.  

5.2.2.2 The traditional cognitive accounts of autism 

The main cognitive accounts of autism, put forward to provide an explanation for the 

primary cognitive and behavioural difficulties commonly experienced by individuals with a 

diagnosis, include the theory of mind (ToM; Baron-Cohen et al., 1985), weak central 

coherence (WCC; Frith, 2003), executive dysfunction (EF; Ozonoff et al., 1991), social 

motivation (SM; Chevallier et al., 2012), and the BMN (Oberman et al., 2005) hypotheses.  

The ToM account argues that an impaired ability to understand others’ thoughts, 

emotions, beliefs and intentions are linked to the difficulties commonly observed in autism 

(Baron-Cohen et al., 1985). For example, impaired performance of adults with autism at 

recognising complex mental states (e.g., scheme, admire and thoughtfulness), especially from 

eyes-only pictures, indicates that understanding others’ mental states may be difficult in 

autism (Baron-Cohen et al., 1997). More recently, a meta-analysis reported that the 

participants with autism showed reduced ability than neurotypicals in inferring the speaker’s 

intentions from short stories depicting themes such as irony, white lies and persuasion 

(Chung et al., 2013). The neural correlates of this mentalising network include the superior 

temporal sulcus (STS), temporoparietal junction (TPJ) and medial prefrontal cortex (MPFC) 

(Koster-Hale & Saxe, 2013). Impairments in any of the implicated brain regions or the 

connections between these nodes might account for some of the behaviours that characterise 

autism.  

The WCC theory proposes that local rather than a holistic focus in autism results in 

reduced or lack of contextual input during information processing, leading to a different type 
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of interaction with the world (Frith, 2003; Happe & Frith, 2006). For example, a recent study 

has reported slower reaction time in people with autism at a task that required integrating two 

complex elements into a single figure, indicating less efficiency at global integration of 

independent local elements (Olu-Lafe et al., 2014). Happe and Frith (2006) highlighted the 

inconsistency of findings from studies looking at the neural correlates of autism, and argued 

that the WCC is likely due to a reduced brain-wide connectivity.   

The EF hypothesis explains the atypical behaviours associated with autism, such as 

the commonly observed inability to deal with novel situations and repetitive and restricted 

range of behaviours, by an impaired executive system functioning (Ozonoff, 1995; Ozonoff 

et al., 1991). An impaired EF is also thought to account for problems in planning, impulse 

control, cognitive flexibility and working memory, which are the main processes that 

research in frontal brain activity in autism focuses on (Abbott et al., 2016; Just et al., 2006).  

The SM hypothesis considers the absence of social motivational drive in autism as 

preventing the individuals with the condition from taking advantage of the social experiences, 

thus not being able to learn from social interactions to develop adaptive social cognitive skills 

(Chevallier et al., 2012). Neuroscience research investigating the brain’s reward circuitry and 

oxytocin regulation in autism continues to contribute to our understanding of the extent to 

which the diminished social motivation explains autism traits (Gordon et al., 2016; 

Hernandez et al., 2017).  

Finally, the BMN hypothesis of autism argues that an impaired understanding of 

intentions of others’ actions, and the reduced ability to recognise emotions from others’ facial 

and bodily gestures and to share their emotions, could partly be due to a dysfunctional mirror 

neuron activity (Oberman et al., 2005; Ramachandran & Oberman, 2006). Mirror neurons, 

characterised by their responsivity during execution and observation of actions, are suggested 

to play a critical role not only in understanding motor actions, but also in higher order 
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cognitive processes such as imitation, language, ToM and empathy (Oberman et al., 2005). 

The main brain regions associated with the MNN in humans include the sensorimotor areas 

and the inferior parietal lobule (IPL) (Keyser et al., 2018). Based on the mirror neuron 

hypothesis of social cognition, which suggests that these higher order cognitive processes 

rely on an intact MNN, impairment in these processes that characterise autism may indicate a 

dysfunctional, or a “broken” MNN. 

5.2.2.3 The BMN hypothesis of autism 

The BMN hypothesis of autism has been tested in brain imaging studies that have 

compared the level of activity in the key mirror neuron regions between people with and 

without autism. In an MEG study, Nishitani et al. (2004) found reduced activity in the 

inferior frontal gyrus (IFG) and the primary motor cortex in participants with autism 

compared to neurotypicals during imitation of static images of orofacial gestures, 

specifically, lip protrusion, lip opening, and mouth contraction. The authors concluded that a 

dysfunctional MNN could account for the imitation and social problems in autism. Using 

TMS, Theoret et al. (2005) found reduced excitability of the motor cortex in participants with 

autism compared to neurotypicals during observation of finger movements, implying 

abnormal modulation of the MNN by action observation in autism. The authors highlighted 

the proposed role of the MNN as the link between the self and the other, and concluded that 

the abnormal modulation of the motor system may explain the social cognitive deficits in 

autism. In an fMRI study, Dapretto et al. (2006) observed lack of activity in the IFG in 

children with autism during imitation and observation of facial expressions, whereas typically 

developing children showed activity in this area. Furthermore, they found that the reduced 

activity in the IFG corresponded to greater symptom severity in the social domain, indicating 

that a dysfunctional MNN may explain the social deficits in autism. In a structural imaging 

study in adults with and without autism, Hadjikhani et al. (2005) reported reduced cortical 

thickness in the autism group in the main MNN areas, including the IFG, the IPL and the 



CHAPTER 5: SENSORIMOTOR BETA ACTIVITY, MU SUPPRESSION IN AUTISM, AND THE RELATION 
BETWEEN AUTISM TRAITS AND EMPATHIC PROCESSING 

81 
 

STS, as well as other areas involved in social cognition. They also found a positive 

correlation between cortical thinning and autism symptom severity. The authors concluded 

that social and emotional problems commonly observed in autism may be associated with the 

thinning of the MNN regions.  

In contrast to these studies showing an impaired MNN in autism, others reported 

intact functioning in the network. In an MEG study, Avikainen et al. (1999) found no 

difference in brain activity between participants with autism and neurotypicals while they 

watched goal-directed hand actions. In an fMRI study in which participants viewed and 

executed hand movements, Dinstein et al. (2010) observed similar brain activity between 

individuals with and without autism. In Wadsworth et al. (2018), children were asked to 

observe cartoon pictures of people executing transitive actions, such as ironing with the hand 

missing, and intransitive actions, such as hand clapping with the palms missing, and then 

select from pictures of hands/palms with the most appropriate orientation for that action. 

They found that children with and without autism showed similar levels of activity in the 

bilateral IFG and the IPL in both tasks. Furthermore, children with autism had greater activity 

relative to neurotypicals in the left ventral premotor cortex (PMC) and right middle temporal 

gyrus during intransitive actions. The authors concluded that children with autism may need 

to engage more MNN resources in demanding tasks (Wadsworth et al., 2018). In a recent DTI 

study, Frundt et al. (2018) found no structural differences between people with and without 

autism in the classical MNN routes, specifically, between the posterior third of the STS, the 

supramarginal gyrus, and the IFG. 

Several MEG studies have investigated differences in MNN activity between adults 

with and without autism by measuring post-movement beta rebound (PMBR), which refers to 

power increase in the beta band associated with the termination of observation and execution 

of actions. Honaga et al. (2010) found that PMBR was intact during action execution, but 
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reduced during observation of object-directed hand movements in the autism group compared 

to neurotypicals in the MNN areas, specifically, the sensorimotor area, the PMC and the 

superior temporal gyrus. The authors interpreted the results as indicating impaired MNN in 

autism. Recently, in an imitation task involving lifting a finger, Buard et al. (2018) found 

stronger alpha-mu (8 - 13 Hz) and beta-mu (15 - 30 Hz) suppression before and during 

imitation, and reduced PMBR in adolescents with autism compared to neurotypicals. In spite 

of differences in brain activity, there was no difference between the two groups in their 

behavioural performance. The authors concluded that stronger mu suppression may be due to 

the difficulty of imitating movements, and reduced PMBR may reflect reduced inhibitory 

signaling in autism. They also stated that the distinct brain activity they had observed could 

be due to differences between the groups in their mirror neuron activity, but could also reflect 

differences in motor activity not associated with mirror neurons.   

Further inconsistent findings on the BMN hypothesis come from studies using EEG. 

Only a handful of mu suppression studies have reported atypical mu modulation in autism 

(Bernier et al., 2007; Oberman et al., 2005). In adults with and without autism, Bernier et al. 

(2007) reported intact mu suppression during execution of hand movements, but impaired 

imitation and reduced mu suppression during action observation associated with autism. 

Furthermore, they observed that reduced mu suppression corresponded to worse facial 

imitation performance. The authors concluded that the MNN is dysfunctional in autism, and 

it relates to the severity of imitation deficits. In participants between 6 and 47 years of age 

with autism and age-matched neurotypicals, Oberman et al. (2005) found significant mu 

suppression in the control group during execution and observation of hand movements, but in 

the autism group, they observed significant suppression only in the execution condition. The 

authors interpreted the results as suggesting a possible dysfunction in the MNN in autism.  
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In contrast, other studies reported similar levels of mu suppression in autism and 

neurotypicals. In children with and without autism, Oberman et al. (2008) observed that both 

groups showed stronger mu suppression during observation of a grasping action performed 

by a familiar person compared to a stranger. Similar levels of mu suppression in both groups 

indicated that the MNN can function typically in autism under specific circumstances, such as 

when the individuals can relate to the people they observe and see them more “like me” 

(Oberman et al., 2008). Other studies with children also reported similar levels of mu 

suppression to both execution and observation of hand movements in both groups 

(Raymaekers et al., 2009; Ruysschaert et al., 2014), and lack of a correlation between mu 

suppression levels and imitation or social communication ability (Ruysschaert et al., 2014). 

In a study on execution and observation of a hand manipulating an object, Fan et al. (2010) 

found that adults with autism made more errors than neurotypicals in the imitation condition, 

but exhibited mu suppression levels similar to neurotypicals in the observation and execution 

conditions. The authors concluded that their results suggest an intact MNN in autism. The 

positive correlation they observed between mu suppression during action observation and 

communication deficits, with lower mu suppression scores corresponding to more severe 

communication problems, was interpreted as reflecting the symptom heterogeneity in autism.  

In another mu suppression study in children, Bernier et al. (2013) found mu 

suppression during execution of hand actions in all participants and no group differences. 

However, they also found that both groups had some individuals who did not show any 

suppression in the observation condition. It was concluded that the mu modulation seems to 

reflect differences in imitative and social abilities independently of an autism diagnosis. 

Another finding was that, in both groups, stronger mu suppression in the observation task was 

associated with greater facial imitation ability, but not with hand imitation ability or autism 

related communication deficits. The authors argued that the lack of any visual feedback 
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during facial imitation may require the MNN more than hand imitation does, and this could 

explain the relationship between facial imitation and mu suppression.  

The major issue with the BMN hypothesis of social cognition in autism is that a 

detailed description of mirror neurons and subtypes of these neurons with different 

sensitivities to different social stimuli is still not available. Thus, we do not have a precise 

explanation of how these neurons contribute to higher order social cognitive processes, such 

as ToM and empathy. This lack of knowledge will render the BMN hypothesis of autism 

unfalsifiable until a more nuanced understanding of the contribution of mirror neurons to 

social cognitive processes is achieved. The problem with the other traditional cognitive 

accounts of autism described above is that each has a cognitive focus that restricts its ability 

to account for the whole range of behaviours that warrant a diagnosis. As discussed in Happe 

et al. (2006), converging evidence indicates that no single neurocognitive theory of autism 

can ever account for all parts of the triad, namely, social interaction difficulties, verbal and 

non-verbal communication problems, and rigid and repetitive behaviours. Thus, the authors 

suggest abandoning the search for a single cause of autism at the genetic, neural or cognitive 

level, and argue for narrowing down the focus onto each distinct aspect of the triad (Happe et 

al., 2006).  

5.2.2.4 Autism from a predictive coding perspective 

More recent approaches to social cognition in autism apply the principles of the 

Bayesian brain hypothesis to explain behaviours associated with the condition (Bolis & 

Schilbach, 2017; Pelicano & Burr, 2012; van Boxtel & Lu, 2013; van de Cruys et al., 2013). 

According to the Bayesian brain hypothesis of cortical processing, perception and action are 

processes of probabilistic inference in which the probabilities about events in the 

environment and about the self are constantly calculated, maintained and updated based on 

the contribution of past experiences and beliefs, and present sensory information (Knill & 
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Pouget, 2004). Predictive coding framework is the most common implementation of the 

Bayesian inference (Friston, 2008; Mumford, 1992; Rao & Ballard, 1999; Srinivasan et al., 

1982).  

As discussed in detail in Chapter 3, according to the prediction model of mirror 

neurons explained by Kilner et al. (2007), the most likely intentions and goals of an observed 

action are arrived through a prediction correction process that involves minimising the 

prediction error signal generated across the levels of the cortical hierarchy, which include the 

muscle activity associated with the action at the lowest level and understanding the goal of an 

action at the highest. Any discrepancy between predictions and immediate sensory 

information is calculated at each level of the sensorimotor hierarchy. This prediction error is 

then propagated to higher levels, resulting in prediction updating. Through the process of 

error signal minimisation, predictions are optimised, and a more accurate perception or action 

is achieved (Kilner et al., 2007). From this perspective, the mismatch between prior 

predictions about an observed individual’s actions given their goal and their observed actions 

may facilitate the generation of a new prediction, resulting in stronger motor activation 

(Gardner et al., 2015). This stronger motor activation, possibly indicating stronger MNN 

activity, would support the evaluation and update of prior action predictions during new 

model generation process. 

 In line with this perspective, recent evidence from observation-related mu suppression 

studies indicates that socially and cognitively demanding tasks appear to engage the circuits 

required for the successful completion of the task to a greater extent than simple tasks (Buard 

et al., 2018; Karakale et al., 2019; Wadsworth et al., 2018). As far as understanding emotions 

from facial expressions is a more difficult task for individuals with autism than neurotypicals, 

individuals with an autism diagnosis might be expected to exhibit greater MNN activity 

during deciphering emotions from ambiguous or neutral facial expressions. 
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Atypical predictive processing in various brain networks may explain behaviours 

typically associated with autism. Recently, several predictive coding models have been 

proposed to account for the core features of this condition (Bolis & Schilbach, 2017; Lawson 

et al., 2014; Pelicano & Burr, 2012; van de Cruys et al., 2013). According to the hypo-priors 

hypothesis proposed by Pelicano and Burr (2012), in autism, priors are attenuated either due 

to an atypical processing during their construction or during their integration with incoming 

sensory information. Such attenuation of priors results in a sense of being overwhelmed by 

sensory input, more accurate perception due to lack of bias by priors, and impaired 

performance in ambiguous situations that call on priors for interpretation. In a related 

account, called the aberrant precision hypothesis, Lawson et al. (2014) suggest that a failure 

of sensory attenuation results in perception to be dominated by sensory input, which prevents 

contextualisation of sensory information (Lawson et al., 2014). In contrast to these weak 

priors accounts, van der Cruys et al. (2013) emphasise the overfitting priors to account for 

behaviours in autism. In this model, strong and specific, thus overfitting priors model noise 

during the initial learning environment. The consequence of this overfitting is an inability to 

generalise the priors to new situations, resulting in strong prediction error that might explain 

perceptual differences in autism. Central to all of these related accounts are the high 

unpredictability present in social settings and the reduced ability to contextualise prediction 

errors that facilitate learning.  

The sensory uncertainty in the world due to constant changes in the environment 

requires the prior expectations to adjust to the current context. For example, a completely 

new experience about which no priors are available would have a greater prediction error 

than a more familiar one. Formation of priors through experience and their adjustment to the 

environment can be viewed as learning (van de Cruys et al., 2013). In autism, atypical 

prediction processing may interfere with learning, resulting in greater prediction error in a 

wider range of environments than typically developing individuals.  
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Under predictive coding, mu suppression during action observation can be viewed as 

the suppression of prediction errors in the MNN as the action becomes more recognisable. 

Stronger prediction errors would require stronger activity of the MNN to make the stimulus 

more predictable, resulting in stronger mu suppression. Under conditions of high cognitive 

load, such as categorising emotions from neutral faces, suppressing prediction error is 

expected to be more effortful for people with autism if and only if their facial expression 

processing is suboptimal. This would be observed as stronger mu suppression exhibited by 

people with autism than neurotypicals during attempted emotion categorisation of neutral 

faces. In the neurotypical population, the relation of mu suppression to autism traits could be 

reflected in a correlation, with stronger levels of mu suppression corresponding to more 

severe degrees of autism traits.     

5.2.2.5 Aims of the study  

The aims of Study 5 were (1) to examine whether there is a relationship between the 

degree of mu modulation and the level of autism traits in neurotypicals, and (2) to investigate 

whether individuals with an autism diagnosis have atypical mu modulation scores associated 

with facial expression perception. Based on the reviewed literature, it was hypothesised that 

(1) higher autism scores would be associated with lower (more negative score) mu 

modulation scores, and (2) the mu suppression exhibited by each participant with autism 

would be significantly stronger (more negative score) than the mean mu suppression of the 

neurotypical group. 

5.2.3 The relation between autism traits and empathic processing 

Problems in various social cognitive domains, including emotion perception, face 

processing, theory of mind (ToM), and empathy are prominent in individuals with autism 

(Ashwin et al., 2006; Baron-Cohen & Wheelwright, 2004; Frith & Frith, 2003). Adopting the 

definitions given by Jolliffe and Farrington (2006), the ability to understand others’ emotions 
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will be referred to as cognitive empathy, and the ability to share others’ emotions while being 

aware that the source of these emotions belongs to someone else will be referred to as 

affective empathy. Research shows that individuals with autism might be impaired in 

cognitive empathy, but not in affective empathy (Dziobek et al., 2008; Rogers et al., 2007; 

Rueda et al., 2015; Zalla et al., 2009). For example, in a study tapping into cognitive empathy 

in adults with autism, Zalla et al. (2009) used a faux pas task which required the participants 

to judge the mental states of the characters in a series of verbally presented stories involving a 

faux pas2. They found that when asked to describe how the listener in the story felt, 

participants with autism did poorly compared to neurotypicals. Most participants with autism 

used the same emotional term many times in their description; some gave incorrect 

descriptions, and a few were unable to give any description at all. Unlike cognitive empathy, 

affective empathy is typically measured by asking the participants to rate their emotional 

reactions to photos or to indicate the extent to which they agree with statements tapping 

compassion and concern for others (e.g., Rueda et al., 2015). Affective empathy has been 

reported to be similar between individuals with and without autism (Dziobek et al., 2008; 

Rogers et al., 2007; Rueda et al., 2015).  

In contrast to attempts at disentangling cognitive and affective components of 

empathy, Baron-Cohen and colleagues (2004) argued that these two types co-occur in most 

scenarios, and are difficult to separate. As a result of this perspective, the measure of empathy 

they have developed, called the Empathy Quotient (EQ), does not distinguish between these 

different components. Their results showed that participants with autism scored significantly 

lower on the EQ compared to neurotypicals, suggesting impaired empathic processing as a 

whole in autism (Baron-Cohen & Wheelwright, 2004).  

                                                             
2 A faux pas occurs when a speaker unintentionally says something inappropriate to the listener. 
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The relationship between the severity of autism traits and the level of impairment in 

social emotional processes has been assessed using self-report questionnaire measures of 

autism, such as the Autism Quotient Questionnaire (AQ; Baron-Cohen et al., 2001)3. In a 

study looking at the relation between autism and loneliness, Jobe and White (2007) observed 

a positive relationship between the AQ scores and levels of loneliness in neurotypical adults. 

Similarly, Reed et al. (2016) found that the scores on the AQ correlated positively with the 

scores of loneliness, social anxiety, depression and anxiety, and negatively with quality of 

life. These findings suggest that an individual with a high level of autism traits is more likely 

to present with more severe impairment in social emotional domains compared to an 

individual with a lower level of autism.    

The relation of empathy to autism traits in the neurotypical population has not been 

well investigated. Some evidence suggests an inverse relationship between empathy and 

autism traits in neurotypicals. For example, Lamport and Turner (2014) found a negative 

correlation between the global empathy score measured by the Empathy Quotient-Short (EQ-

S; Wakabayashi et al., 2006) and autism score measured by the Broad Autism Phenotype 

Questionnaire (BAPQ; Hurley et al., 2007). In another study, Jamil et al. (2017) reported that 

adults with higher BAPQ scores tended to have lower empathy scores on the Questionnaire of 

Cognitive and Affective Empathy (QCAE; Reniers et al., 2011). A limited number of studies 

investigating the relationship between the AQ and the EQ in neurotypicals provided further 

support for an inverse relation between autism and empathy (Gokcen et al., 2014; 

Wheelwright et al., 2006).  

The aim of Study 6 was to further our knowledge on the link between autism traits 

and empathy by assessing the relationship between the AQ and the EQ scores in twenty-

                                                             
3 A description of the AQ can be found in Chapter 5. 
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seven adults, of whom 2 had an autism diagnosis. It was hypothesised that higher autism 

scores would be associated with lower empathy scores.  

5.3 Study 4: Sensorimotor beta activity 

5.3.1 Experimental procedures 

This study reports beta analyses on the EEG data collected during the previously 

described Dynamic Image and Static Image tasks. Information about participants and EEG 

data collection can be found in Chapter 2 for the Dynamic Image task and Chapter 3 for the 

Static Image task. EEG beta-mu analysis that is adapted from the previously reported alpha-

mu analysis is briefly described here. 

 For each task, the analysis was conducted for the beta band of 15 - 25 Hz over two 

central clusters of electrodes (left hemisphere: C3, 30, 31, 37, 41, 42 and right hemisphere: 

C4, 80, 87, 93, 103, 105). At each electrode, a Fast Fourier Transform was applied to 

calculate the power spectral density (PSD) in each trial, separately for the baseline and the 

stimulus period. For each trial, beta-mu suppression at each electrode was calculated by 

taking the ratio of the stimulus period PSD relative to the baseline PSD. Trials with a PSD 

ratio value greater than 3 scaled median absolute deviations from the median PSD ratio value 

of the cluster were excluded as outliers. For each of the conditions 

(happy/sad/neutral/kaleidoscope in the Dynamic Image task; happy/sad/neutral in the Static 

Image task), the average PSD ratio of the electrodes was calculated to get a single beta-mu 

ratio value. A log ratio value of less than zero indicates suppression in the 15 – 25 Hz range.  

5.3.2 Results 

Significant beta-mu suppression was present in all of the conditions in each task (all 

p’s < .05). For each task, a one-way repeated measures ANOVA was conducted to test the 

main effect of condition on beta-mu activity. The analysis showed no effect of condition on 
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beta-mu suppression in the Dynamic Image task (F(3, 63) = 0.20, p = .9; see Figure 5.1) or 

the Static Image task (F(2, 36) = 1.2, p = .31; see Figure 5.2). Outliers were included in the 

analysis.4 

 

 

 

 

 

                                                             
4 Removing the outliers did not change the pattern of results. Therefore, they were reported in the analysis. 
 

Figure 5.1. The boxplots show beta-mu (15 - 25 Hz) modulation in the happy, sad, neutral 

face and kaleidoscope conditions in the dynamic Image task. The horizontal line in each 

box indicates the median value with the upper and lower edges representing 75 and 25 

percentile, respectively. Outliers (>1.5× interquartile range) are represented by the brown 

rings. 
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5.3.3 Discussion 

The present study investigated the modulation of the beta-mu rhythm while 

participants categorised dynamic videos of emotional and neutral face movements and non-

biological stimulus movement as happy, sad, neutral or other in the Dynamic Image task, and 

 

Figure 5.2. The boxplots show beta-mu (15 - 25 Hz) modulation in the happy, sad and neutral 

conditions in the static image task. The horizontal line in each box indicates the median value 

with the upper and lower edges representing 75 and 25 percentile, respectively. Outliers 

(>1.5× interquartile range) are represented by the brown rings.   
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static images of emotional and neutral faces as happy or sad in the Static Image task. Results 

showed that the degree of beta-mu suppression was similar across the conditions in both 

tasks. As discussed in previous chapters, alpha-mu (8 - 13 Hz) suppression was greater in the 

neutral face than the kaleidoscope in the Dynamic Image task, and in the neutral face than the 

happy or sad face in the Static Image task. The lack of a similar pattern with respect to beta-

mu modulation is particularly striking as it shows that alpha and beta components have 

distinct contributions to the mu rhythm. Although the present results seem to be at odds with 

previous work which suggests a link between beta-mu suppression and the MNN, it is crucial 

to note that the majority of past research used hand and limb movements as stimuli rather 

than facial expressions (e.g., Koelewijn et al., 2008; Muthukumaraswamy & Singh, 2008; 

Ritter et al., 2009). The influence of social emotional information on sensorimotor activity is 

likely to be different than non-emotional, crude movement.  

It has been argued that beta-mu originates in the precentral primary motor cortex 

while alpha-mu originates in the primary sensory cortex (Avanzini et al., 2012; Coll et al., 

2015; Hari, 2006; Hari & Salmelin, 1997; Ritter et al., 2009). Processing facial expressions 

might engage somatosensory and motor areas differently, which might reflect as a difference 

in the degree of modulation of the alpha-mu and the beta-mu. Sensitivity of the alpha-mu but 

not beta-mu during face movement processing suggests that the somatosensory rather than 

the motor cortex might be the source of mu suppression difference between conditions in 

both tasks. The motor areas, storing the motor representations of actions, and the 

somatosensory areas, storing tactile and proprioceptive representations of actions, are both 

involved in the mental simulation of hand movements (Avikainen et al., 2002) and emotions 

from facial expressions (Adolphs et al., 2000). As discussed in Gazzola and Keysers (2009), 

sensory representations of actions may be allowing the system to detect the mismatch 

between what an action is predicted to feel like and what it actually feels like during 

execution, and then correct motor errors. According to this perspective, signalling from the 
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somatosensory cortex to the premotor cortex may be a necessary step for action 

understanding and imitation. Activation of the observation-inhibited mirror neurons in the 

somatosensory cortex may lead to less excitatory input to the motor cortex (Mukamel et al., 

2010; Woodruff et al., 2011). Stronger mu suppression in the alpha band but not in the beta 

band during facial expression categorisation may be due to the greater activity of the 

observation-inhibited mirror neurons in the somatosensory cortex.  

Present results point to a functional dissociation between alpha-mu and beta-mu 

oscillations with respect to emotional movement perception. In a recent EEG study, Siqi-Liu 

et al. (2018) found mu suppression in the alpha band (9 – 12 Hz) but not the beta band (16 – 

20 Hz) while viewing coherent compared to scrambled point-light displays of emotional body 

movements. Furthermore, they found beta enhancement to coherent neutral compared to 

scrambled neutral movements. The authors interpreted the observed alpha-mu suppression as 

reflecting somatosensory engagement associated with emotion simulation, and beta-mu 

enhancement as supporting motor inhibition during action simulation. As discussed by the 

authors, despite having similar underlying sources, alpha and beta oscillations generated by 

the sensorimotor cortex may reflect dissociable cognitive processes that are differentially 

involved in emotional information processing (Siqi-Liu et al., 2018). The distinct roles of 

alpha- and beta-mu suppression may explain the lack of difference in beta suppression levels 

across our conditions. Beta sources in the sensorimotor areas do not seem to be modulated by 

facial expression categorisation.  

Taken together, past and present findings suggest that the type of cognitive task has 

distinct effects on action observation-related alpha- and beta-mu modulation. The 

neurophysiological mechanisms producing beta oscillations and the functional significance of 

activity in this band are still poorly understood and require further research. It is important to 

note that different sub-bands of the beta range might have different functions (Wheaton et al., 
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2008). Future research can investigate the implications of separable alpha and beta 

modulation effects during action simulation.  

5.4 Study 5: Mu suppression in autism 

5.4.1 Experimental procedures 

5.4.1.1 Participants 

Details concerning participant information for neurotypicals are described in Chapter 

2 for the Dynamic Image task and Chapter 3 for Static Image task.  

Two participants (1 female, mean age = 31, SD = 0) with an autism diagnosis 

participated in Study 1 (the Dynamic Image task). Four participants (3 male, 1 N/A, mean age 

= 29, SD = 8.6) with an autism diagnosis participated in Study 2 (the Static Image task). All 

participants with autism were recruited through advertisements placed around the University 

of Auckland campus, and online through the School of Psychology website and Facebook.  

5.4.1.2 Self-report measure of autism 

The level of autism traits was measured by the AQ (Baron-Cohen et al., 2001) at the 

end of the Dynamic Image task.  

The AQ is a forced-choice questionnaire with 4 likert scale options ranging from 

“strongly agree” to “strongly disagree”, with half of the items phrased to produce an “agree” 

response and half a “disagree” response. The items in the questionnaire were selected from 

the triad of autism symptoms, tapping restricted and repetitive behaviours (e.g., “I prefer to 

do things the same way over and over again”), social interaction deficits (e.g., “I find it hard 

to make new friends”), and communication deficits (e.g., “I am often the last to understand 

the point of a joke”). The AQ comprises 50 questions on social skills, attention switching, 

attention to detail, communication, and imagination. Each item scores 1 point for mild or 

strong autism-like behaviour (see the questions and the scoring sheet in the Appendix B).   
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5.4.1.3 EEG mu analysis 

The same EEG mu processing used in the previous chapters was applied to extract mu 

modulation scores of the participants with autism for each condition in each task. Information 

regarding EEG data collection and analysis are given in Chapter 2 for the Dynamic Image 

task and Chapter 3 for Static Image task.  

Outliers were defined as values greater than 1.5 times the interquartile range below 

the 25th or above the 75th quartile. In the Dynamic Image task, 3 of the twenty-two control 

participants were identified as outliers in one or more conditions, so they were excluded from 

the present t-test analyses. The sample size of the neurotypical group in both tasks was 19 for 

the t-tests.  

The link between mu suppression and autism in the neurotypical participants was 

investigated using the EEG data from Study 1 (Chapter 2). The correlation analysis was 

conducted on autism trait scores and the mu suppression scores from the neutral face 

condition in the Dynamic Image task. The reason for restricting the correlation analysis to the 

neutral face condition was due to the results from Study 1, which showed significantly 

stronger mu suppression to faces than non-biological movement condition only when the face 

movement was neutral. Two outliers (> 1.5× interquartile range), one with an extremely low 

AQ score (i.e., 3) and one with an extremely less mu suppression score in the neutral face 

condition (i.e., -0.05), were removed. The correlation analysis was conducted on 20 

participants.    

Log ratio values below zero indicates mu suppression in the 8 - 13 Hz range. Since all 

the analyses were exploratory, the Type 1 error rate was not adjusted to account for the 

number of analyses. 
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5.4.2 Results 

5.4.2.1 Correlation between autism traits and mu modulation  

A correlation analysis was conducted between autism scores (mean AQ score = 16.85, 

SD = 4.43) and mu suppression scores associated with neutral face condition in the Dynamic 

Image task. The Pearson’s correlation analysis indicated that the relationship was not 

significant (r(18) = 1.89, p = .075) (see Figure 5.3).  

 

 

 

Figure 5.3. Scatterplot depicting the trending but non-significant correlation between mu 

suppression in the neutral face condition and the self-reported autism trait in the Autism 

Quotient Questionnaire (AQ) in the typical group (n = 20). Solid red line indicates the line of 

best fit using all participants. Shaded areas indicate 95% confidence intervals derived from 

bootstrapping. More negative mu modulation scores indicate greater mu suppression. Higher 

autism trait scores indicate greater severity of autism.    
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5.4.2.2 Mu modulation in autism 

 For each condition in each task, mu modulation score of each participant with autism 

was extracted. A two-tailed one-sample t-test was conducted to investigate any difference 

between the average mu modulation score of the neurotypical group and the mu modulation 

score of each participant with autism. Alpha was set at .05 for each test. The mean score of 

each participant with autism in each condition as well as the mean of the neurotypical group 

are depicted in Table 5.1.  

Table 5.1 

Mean mu modulation values for the neurotypical group and each participant with autism 

  Dynamic Image task  Static Image task 

Typ P1 P2  Typ P1 P2 P3 P4 

Happy  -0.33 -0.38 -0.33  -0.01 0.07 -0.09 0.01 0.08 

Sad  -0.30 -0.42 -0.34  0.01 -0.03 -0.01 -0.01 0.087 

Neutral  -0.35 -0.38 -0.44  -0.04 0.03 -0.04 -0.06 0.13 

Kaleidoscope -0.31 -0.30 -0.29  N/A N/A N/A N/A N/A 

Note. Typ = Neurotypical group; P1, P2, P3, P4 = the first, second, third and fourth 

participant with autism, respectively. 

The results of the t-tests from the Dynamic Image task are shown in Table 5.2. The 

distribution of data points for the whole sample can be seen in Figure 5.4. The mu 

suppression score of the first participant with autism was significantly less than the mean of 

the neurotypical group in the happy face (t(18) = 4.18, p < .001) and sad face (t(18) = 8.13, p 

< .001) conditions. Their mu suppression score in the neutral face condition was marginally 

significant (t(18) = 1.96, p = .07). There was no significant difference in the kaleidoscope 

condition (t(18) = 0.81, p = 0.43). The mu suppression score of the second participant with 

autism was significantly less than the mean of the neurotypical group in the sad face (t(18) = 

2.44, p = 0.03) and the neutral face (t(18) = 4.95, p < .001) conditions. There was no 
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significant difference in the happy face (t(18) = 0.14, p = 0.89) or the kaleidoscope (t(18) = 

1.48, p = 0.16) conditions.  

Table 5.2 

Differences in mu modulation between the neurotypical group and each participant with 

autism 

Emotion          Typ - P1          Typ - P2 

   t*  p  t*  p 

Happy   4.18  < .001* 0.14  0.89 

Sad   8.13  < .001* 2.44  0.03* 

Neutral   1.96  0.07  4.95  < .001* 

Kaleidoscope  0.81  0.43  1.48  0.16 

Note. Typ-P1, P2, P3, P4 = one-sample t-test on the mean of the neurotypical group and the 

first, second, third and fourth participant with autism, respectively. 

* For all ts, the degrees of freedom equalled 18 in the dynamic images task (excluding the 

outliers). 
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Figure 5.4. Distribution of the individual mean log ratio of mu scores of 19 neurotypical 

participants (dots) and 2 participants with autism (red triangles) in the happy, sad, neutral 

face and kaleidoscope conditions. Means and medians of the neurotypical group are 

represented by dark dots and horizontal lines, respectively, inside the boxplot. The density 

plots around the scores represent the kernel probability density.  
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The results of the t-tests from the Static Image task are shown in Table 5.3. The 

distribution of data points for the whole sample can be seen in Figure 5.5. The mu 

suppression score of the first participant with autism was significantly less than the mean of 

the neurotypical group in the sad face (t(18) = 2.19, p = .02), but significantly greater in the 

happy face (t(18) = 4.07, p < .001) and the neutral face (t(18) = 4.67, p < .001) conditions. 

The mu suppression score of the second participant with autism was significantly greater than 

the mean of the neurotypical group in the happy face (t(18) = 4.58, p < .001). No other 

difference was significant for this participant (sad: t(18) = 0.71, p = 0.49, neutral: t(18) = 

0.44, p = 0.66). The mu suppression score of the third participant with autism was not 

significantly different than the mean of the neurotypical group in any of the conditions 

(happy: t(18) = 0.89, p = 0.39, sad: t(18) = 1.02, p = 0.32, neutral: t(18) = 1.23, p = 0.23). 

The mu suppression score of the fourth participant with autism was significantly greater than 

the mean of the neurotypical group in all of the conditions (happy: t(18) = 4.61, p < .001, sad: 

t(18) = 3.74, p = .001, neutral: t(18) = 11.7, p < .001).  

 

Table 5.3 

Differences in mu modulation between the neurotypical group and each participant with 

autism 

        Typ - P1       Typ - P2   Typ - P3   Typ - P4 

      t*      p      t*    p  t* p  t* p 

Happy      4.07    < .001*  4.58   < .001* 0.89 0.39  4.61 < .001* 

Sad      2.19    0.02*  0.71   0.49  1.02 0.32  3.74 0.001* 

Neutral      4.67    < .001*  0.44   0.66  1.23 0.23  11.7 < .001* 

Note. Typ - P1/2/3/4 = one-sample t-test on the mean of the neurotypical group and the first, 

second, third and fourth participant with autism, respectively. 

* For all ts, the degrees of freedom equalled 18 in the static images task. 
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Figure 5.5. Distribution of the individual mean log ratio of mu scores of 19 

neurotypical participants (dots) and 4 participants with autism (red triangles) in the 

happy, sad and neutral face conditions. Means and medians of the neurotypical 

group are represented by dark dots and horizontal lines, respectively, inside the 

boxplot. The density plots around the scores represent the kernel probability 

density. 
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5.4.3 Discussion  

5.4.3.1 The relation between autism traits and the MNN in neurotypicals 

The correlation between mu suppression associated with neutral face movement 

observation and autism traits did not reach significance. Although the trend towards 

significance in the unpredicted direction leaves room for further investigation, the present 

result suggests that the degree of sensorimotor activity associated with facial expression 

simulation is not related to the level of autism traits in the typical population. This finding is 

in line with past work showing no relationship between mu modulation and measures of 

social skills in children with autism (Bernier et al., 2013; Ruysschaert et al., 2014). Lack of a 

significant relationship between sensorimotor simulation and autism traits in the typical 

population does not provide any support for the BMN hypothesis of autism. However, lack of 

enough diversity within the sample might have prevented us from detecting any correlations. 

Replication with larger samples and with greater autism trait variability is needed.  

5.4.3.2 Mu rhythm modulation in autism 

Preliminary results from the Dynamic Image task indicate that sensorimotor activity 

associated with the observation of facial expressions may be greater in people with autism 

compared to neurotypicals. This observation suggests that the perceived difficulty of the task 

requires the stronger employment of the MNN in autism. The suggestion of an association 

between the degree of mu suppression and the difficulty level of the task tapping 

sensorimotor activity is in line with a predictive coding view of cognitive processing. Larger 

prediction error in the MNN in autism compared to neurotypicals while viewing the more 

ambiguous or unfamiliar movement of mouth opening in an emotion categorisation task may 

suggest the need for the stronger employment of the network to minimise the error signal and 

recognise the observed action.  
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Recent studies in typical individuals have reported stronger recruitment of the 

sensorimotor cortex by more ambiguous, unfamiliar and unexpected input compared to 

readily recognisable stimuli (Karakale et al., 2019; Koelewijn et al., 2008; Langeloh et al., 

2018; Stapel et al., 2010). For example, in the Static Image task explained in Chapter 3, 

categorising neutral faces as happy or sad was associated with greater mu suppression than 

full-blown happy or sad faces. In children, observation of incorrect or unusual execution of 

daily actions evoked stronger mu suppression than predicted actions (Koelewijn et al., 2008; 

Langeloh et al., 2018; Stapel et al., 2010). Taken together, findings indicate that individuals 

who find emotion understanding a more challenging task than the average typical person 

might require more resources to process emotion-depicting actions. 

In contrast to the Dynamic Image task, preliminary results from the Static Image task 

do not present a clear trend towards a difference between participants with autism and 

neurotypicals. Lack of any difference between the individual mu modulation score of some 

participants with autism and the mean suppression score of the neurotypical group suggests 

that some people with autism exhibit typical mu modulation during facial expression 

categorisation. Due to the lack of a group analysis, it is difficult to suggest that mu 

suppression associated with categorising emotions from faces is intact in autism. Variation in 

mu modulation values associated with this task across participants with autism highlights the 

cognitive heterogeneity in this population. In line with the Bernier et al. (2013) study which 

reported variation in mu modulation scores across individuals independently of an autism 

diagnosis, present results highlight the heterogeneity in typical and atypical development. As 

will be discussed in the next section, searching for universal social, cognitive or biological 

impairments in autism seems to be ineffective due to the spectral nature of the condition and 

the large variability of symptoms.        
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Some caveats are necessary with respect to the one-sample t-test analysis. Due to the 

lack of power in the limited participant size, group analysis was not conducted. As group 

analysis is the only way to know if any results generalise to the autism population, 

comparison with large sample sizes is needed to investigate sensorimotor simulation during 

facial expression observation in autism. Furthermore, individuals with autism who have 

participated in our studies were university students, so results might be different when the 

sample is made representative for the general autism population.  

5.4.3.3 Evaluation of the BMN account and the dialectical misattunement hypothesis 

The correlation analysis did not show a significant relationship between mu 

modulation and autism traits in the neurotypical participants. The mu suppression scores of 

the two participants with autism in the Dynamic Image task suggested an atypical MNN 

whereas those of the four participants with autism in the Static Image task indicated no 

difference between them and neurotypicals in the MNN activity. The level of variability in 

the degree of mu modulation across individuals with autism indicates the lack of an exclusive 

relationship between the MNN and an autism diagnosis. Results from the present pilot study, 

along with past research presenting conflicting findings, suggest that autism cannot be 

reduced to a malfunctioning MNN. Autism is a spectrum condition with very high 

heterogeneity in symptoms (Perkins et al., 2010; Ruzich et al., 2015). Symptoms are present 

in various social, cognitive and behavioural domains. Thus, the traditional cognitive theories 

of autism cannot provide a global explanation for the condition. Similarly, a dysfunctional 

MNN remains simplistic as it cannot explain all the deficits associated with the condition 

(Gallese et al., 2011).  

Placed within a predictive coding framework, the defining characteristics of how the 

brain works in health and psychopathology are investigated with a focus on the typical and 

atypical balancing of bottom-up sensory input and top-down contextual information. Under 
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this framework, central to the investigations into the MNN are how we predict our own and 

others’ actions by minimising prediction error. This error minimisation during action 

execution and observation is operationalised through selecting sensory input that conforms to 

our predictions and updating predictions about the available sensory data (Friston et al., 

2011). Although some individuals with autism might show atypical predictive processing in 

the MNN during facial expression categorisation, this divergence appears not be a universal 

feature of the condition.      

The accounts of autism developed from a Bayesian lens discuss the predictive 

mechanisms at the individual level, within the individual brain (Lawson et al., 2014; Pelicano 

& Burr, 2012; van de Cruys et al., 2013). More recently, Bolis et al. (2017) has emphasised 

the importance of adopting a more holistic approach to psychopathology, one that takes into 

consideration the relativity of psychiatric diagnosis and the contribution of the sociocultural 

factors to biological processes. Drawing on the predictive coding approaches to brain 

function, the researchers put forward the dialectical misattunement hypothesis of social 

interaction. This account argues against the reductionist understanding of autism (and other 

psychiatric conditions) as a disorder that reflects impaired functioning of specific brain 

regions, and suggests conceptualising and investigating it as a “misattunement” between 

people. The hypothesis extends the predictive coding to human interactions. Accordingly, 

prediction generation takes place in a closed loop between the communicating partners. 

Socioculturally-defined interaction styles develop through the feedback processes between 

the agents. An individual’s divergence from these styles results in a “misattunement” during 

social interaction (Bolis et al., 2017). Early misattunement might exacerbate the disturbed 

learning process in social settings, resulting in increasingly aberrant predictive styles across 

individuals.  
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The dialectical misattunement hypothesis highlights the involvement of neurotypical 

people and social environment in the making of a social disorder, such as autism. The model 

suggests a shift of focus from the “diseased” brain of the individual with autism to the weak 

coupling in inter-individual interactions. Research and clinical investigation and treatment 

must pay attention to both the individual and collective levels of social interaction processes. 

Thus, focus should be on tuning not only the individual with the weakened interpersonal 

coupling, but also the neurotypicals with whom the individual interacts as well as the 

mediums of communication, such as social expectations and stereotypes (Bolis et al., 2017). 

In conclusion, predictive models of brain function that investigate the mismatch 

between bottom-up and top-down influences within and across the levels of the cortical 

hierarchy at the intrapersonal as well as the interpersonal level provide a more plausible 

framework for understanding autism than the traditional neurocognitive accounts. The 

dynamism of the human brain, the inherent dimensionality of mental health, and the relativity 

of psychopathology render the search for a broken brain region or network, such as the MNN, 

futile. This view does not reject the possibility of a dysfunctional mirror neuron activity in 

some individuals with autism, but rather argues against an exclusive and universal 

relationship between any sort of network dysfunction and autism. The dimensionality of 

psychopathology indicates that a focus on the degree of severity rather than the existence or 

absence of a diagnosis might better capture the full range of human behaviour, and allow for 

the development of sociocultural changes as well as more effective treatments. The spectral 

nature of autism and the heterogeneity across individuals need to be taken into account when 

designing support mechanisms for individuals with severe autism traits. 
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5.5 Study 6: The relation between autism traits and empathic processing 

5.5.1 Experimental procedures 

The level of autism traits and the level of empathy were measured by the AQ (Baron-

Cohen et al., 2001) and the EQ (Baron-Cohen & Wheelwright, 2004), respectively. Twenty-

seven participants (16 female), of which 2 had an autism diagnosis (1 female), between the 

ages of 19 and 36 completed the questionnaires. Details concerning participant recruitment 

are given in Chapter 2, the EQ in Chapter 4, and the AQ in section 5.4.1.2.  
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5.5.2 Results 

The Pearson’s correlation analysis revealed a significant negative relationship 

between the AQ and the EQ (r(25) = -0.68, p < 0.0001), suggesting that greater autism 

severity predicted lower empathic ability. Figure 5.6 illustrates this relationship. 

Figure 5.6. The negative correlation between the Empathy Quotient Questionnaire 

(EQ) on the x-axis and the Autism Quotient Questionnaire (AQ) on the y-axis. Red 

dots and blue dots respectively denote neurotypicals and the two participants with 

autism. 
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5.5.3 Discussion 

The correlation result showed that all individuals exhibit autism traits to varying 

degrees, and their empathic ability varies in relation to their level of autism traits. This 

observation provides further evidence for the notion that autism traits are distributed across 

the typically developing population (Ruzich et al., 2015). The association of greater autism 

with reduced empathy indicates that people who meet the criteria for an autism diagnosis are 

likely to have more severe emotion processing problems than those below the threshold for a 

diagnosis. This finding is in line with the literature which suggests that reduced empathy is a 

characteristic of autism (Ashwin et al., 2006; Baron-Cohen & Wheelwright, 2004). Deficits 

in understanding and/or sharing others’ emotions could account for some of the problems in 

social relationships, as well as social anxiety (Simonoff et al., 2008), and the preference for 

solitary activities that are commonly observed in autism (Corbett et al., 2014).  

In support of our results, past studies have reported impaired cognitive empathy in 

autism (Dziobek et al., 2008; Rogers et al., 2007; Rueda et al., 2015; Zalla et al., 2009). 

However, it is important to note that the EQ does not distinguish between cognitive and 

affective empathy, so it is not possible to make conclusions about how autism traits relate 

separately to understanding of and responding to emotions. As previously mentioned, the 

authors of the EQ have argued that the two components usually occur simultaneously, and are 

difficult to disentangle (Baron-Cohen & Wheelwright, 2004). However, others have criticised 

the EQ for having the majority of the questions on cognitive empathy and not affective 

empathy (Dziobek et al., 2008). The authors of the EQ have also pointed out that many items 

on the questionnaire require ToM, which is about understanding minds. Thus, although 

described as a global measure of empathy by its authors, the EQ may possibly be biased 

towards the cognitive type. Given the focus of the EQ on the cognitive component, the 
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present result provides more definitive support for the view that more severe autism traits in 

the typical population are associated with reduced cognitive empathy.  

 

 

 

 

 

 

 



CHAPTER 6: GENERAL DISCUSSION 

 

112 
 

Chapter 6. General discussion 

6.1 Summary of findings 

The aims of this thesis were to investigate (1) the sensitivity of the sensorimotor 

simulation mechanism to categorisation of emotional/unambiguous and neutral/ambiguous 

facial expressions, (2) the relation of this sensorimotor activity to autism and empathy, and 

(3) the relationship between autism and empathy. EEG was used to measure the modulation 

of the mu rhythm as an index of sensorimotor activity while participants completed two-

alternative forced-choice tasks involving emotion categorisation of facial expressions. Both 

alpha (8 - 13 Hz; alpha-mu) and beta (15 - 25 Hz; beta-mu) components of the mu rhythm 

were examined. Furthermore, hemispheric differences in alpha-mu activity, the correlation 

between lateralised alpha-mu modulation and empathy, and the correlation between autism 

traits and empathy were investigated. Empathy and autism traits were measured using self-

report questionnaires.  

In the first study, alpha-mu modulation was measured while the participants 

categorised dynamic images of happy, sad and neutral face (mouth opening) movements and 

non-biological stimulus (kaleidoscope) movement as happy, sad, neutral or other. Upon 

observing greater alpha-mu suppression to faces only in the neutral face compared to the non-

biological stimulus, we concluded that the ambiguity of the action and the emotion in the 

neutral face movement required stronger activity of the mental simulation mechanism. 

Following up on this finding, we designed a second experiment which required the 

participants to decipher the emotion in static images of unambiguous (happy/sad) and 

ambiguous (neutral) facial expressions. Based on the results from the first study, we predicted 

greater alpha-mu suppression to ambiguous than unambiguous expressions. Our results 

confirmed our prediction, indicating that there is a greater need for sensorimotor engagement 

in understanding ambiguous social emotional stimuli compared to those that are readily 
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recognisable. These findings are consistent with a predictive coding account of action 

perception (Kilner et al., 2007). Mu suppression during processing social emotional 

information may involve reducing the error signal generated due to the mismatch between 

predicted and observed attributes of the stimuli. This error signal may be greater when the 

stimulus is ambiguous than when it is not. Furthermore, in both studies, there was lack of a 

corresponding difference in alpha band activity between the conditions at the occipital region, 

indicating that the sensorimotor mu activity rather than the occipital alpha was captured. In 

Study 2, we further controlled for the effect of task difficulty by introducing a second task 

that involved categorising images with the head oriented right, left, or forward as right or left. 

There was no difference in mu modulation between the conditions of this control task. Thus, 

results suggest that the occipital activity associated with attentional engagement and other 

visual processes could not account for the suppression observed in the central areas.  

The findings from the first two studies provide evidence for the involvement of the 

sensorimotor cortex in higher forms of information processing, such as understanding 

complex social emotional stimuli. In both of these studies, sensorimotor activity was 

averaged across the hemispheres. In Study 3, we investigated whether lateral asymmetries in 

mu suppression might serve as a better indicator of mental simulation process associated with 

emotion perception than activity averaged across the hemispheres. We did not find any 

hemispheric differences in mu suppression. This finding suggests that a bilateral sensorimotor 

simulation mechanism is involved during deciphering emotions from faces. In addition, 

correlation analyses revealed that the level of empathy was not related to lateralised mu 

suppression associated with any of the conditions in either of the tasks. Lack of a significant 

correlation between mu suppression and empathy may be explained by similar levels of mu 

rhythm modulation associated with facial expression observation in individuals with intact 

emotion perception.   



CHAPTER 6: GENERAL DISCUSSION 

 

114 
 

Study 5 investigated whether the beta-mu modulation during the emotion 

categorisation tasks would show a similar pattern to that of alpha-mu. No task effect on the 

beta-mu was found in either of the studies. Past work distinguishes between the sources and 

functions of the two components, and suggests that somatosensory response is reflected by 

alpha-mu whereas motor response by beta-mu (Avanzini et al., 2012; Coll et al., 2015; Hari, 

2006; Hari & Salmelin, 1997; Ritter et al., 2009). Thus, the present results suggest that, 

during emotion categorisation from observed face movements, the contribution of the 

somatosensory activity to sensorimotor simulation may be greater than that of the motor 

cortex.  

The last two studies of the thesis focused on social cognition associated with autism 

traits. The large body of evidence indicating the existence of a mirroring mechanism in the 

typically developing human brain has been used in clinical research to investigate whether a 

faulty mirror neuron network (MNN) accounts for the social deficits commonly observed in 

some psychiatric disorders, including autism (Dapretto et al., 2006; Dinstein et al., 2010; 

Nishitani et al., 2004; Oberman et al., 2005; Schulte-Ruther et al., 2017; Theoret at al., 2005). 

According to the broken mirror neuron (BMN) hypothesis of autism, a dysfunctional mirror 

neuron activity accounts for behaviours typically associated with this condition (Oberman et 

al., 2005; Ramachandran & Oberman, 2006). Researchers who observed atypical mu 

modulation in autism interpreted their findings as providing support for the BMN (Bernier et 

al., 2007; Oberman et al., 2005). Study 6 was a pilot study that assessed the BMN hypothesis 

by comparing the mu modulation scores of individuals with autism to the average mu score 

of the neurotypical groups from the two emotion tasks. Variation in the mu modulation scores 

of the individuals with autism suggests that the BMN account is not able to capture the 

heterogeneity across the individuals with a diagnosis. Finally, we observed that reduced 

empathic ability was associated with greater severity of autism traits in neurotypical adults. 

This finding provides support for the notion that autism traits are distributed across the whole 
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population, and their severity is linked to empathic ability. Conceptualising psychopathology 

as a spectrum that includes all individuals better captures the dynamic nature of human 

behaviour than the categorical models that assume clear-cut boundaries between health and 

disorder (Markon & Krueger, 2005; Wright et al., 2013).  

6.2 Limitations and future directions 

There are several limitations to the studies presented in this thesis. First, it is 

important to note that the current EEG findings are not able to provide a direct evidence for a 

causal relationship between sensorimotor activity and facial expression categorisation. Brain 

perturbation techniques could be administered in order to establish whether sensorimotor 

engagement is required for emotion understanding. Second, the limited sample size and lack 

of a priori power analysis call for future research to replicate and extend our findings, using 

larger samples and with greater autism trait variability. Third, group analysis needs to be 

conducted to see whether mu modulation differs between individuals with and without 

autism. Fourth, we did not differentiate between lower and higher alpha and beta power. 

Future studies can investigate the modulation in different sub-bands of the alpha and the beta 

ranges during action and emotion perception.  

Caution is warranted in interpreting mu suppression as an index of the MNN activity. 

Although the concordant activity profiles of the mu rhythm and mirror neurons during action 

execution and observation have often been used to infer an almost exclusive relationship 

between the two (e.g., Arnstein et al., 2011; Oberman et al., 2007; Pineda, 2005; Ulloa & 

Pineda, 2007), recent research challenges the conceptualisation of mu suppression as a pure 

measure of mirror neuron activity by showing that it is not strictly linked to the activity in the 

MNN (Braadbaart et al., 2013; Hobson & Bishop, 2017; Mizuhara & Inui, 2011). For 

example, using simultaneous EEG and fMRI, Braadbart et al. (2013) showed covariation of 

mu suppression and fMRI signal in the classical MNN areas, but also in others such as the 
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medial frontal gyrus, the thalamus and the cerebellum. Given the complexity of deciphering 

the exact relationship between specific neurons and cognitive processes, it is not surprising 

that the field of the MNN is full of equivocal findings. So far, results suggest that origins of 

mu suppression lie in brain areas that are involved in action perception, but not restricted to 

the mirror neuron areas (Mizuhara & Inui, 2011). 

It is important to note that the present study cannot speak to the exact relation between 

mirror neurons and sensorimotor activity. However, having controlled for attentional 

engagement within and between the tasks, we suggest that the current results provide 

evidence for sensorimotor simulation, which may or may not reflect mirror neuron activity. 

As discussed in Buard et al. (2018), the extent to which mu rhythm modulation reflects 

sensorimotor signals or mirror neuron activity in other brain areas may be further clarified by 

future research. Perturbation studies using TMS or transcranial direct current stimulation 

(tDCS) simultaneously with EEG could help reveal how disrupting different networks 

contributes to mu modulation associated with subtle emotional expression recognition.   

6.3 Conclusion 

Overall, our results suggest that assessing emotions from dynamic or implied face 

movements activates a mental simulation network, signalled by bilateral mu suppression in 

the alpha band, to a greater extent when the emotion is more ambiguous. These findings 

contribute to the sensorimotor theories of social affective cognition by providing support for 

the idea that mu suppression during processing of emotional stimuli reflects a higher form of 

cognitive processing associated with emotion recognition. The sensitivity of the mu rhythm 

to social factors suggests that brain function should be studied within its embedded social 

context rather than in isolation. A dimensional conceptualisation of psychopathology, 

including autism, that captures the full range of human behaviour is a step towards replacing 

the binary, static and individualistic view of brain function with a more dynamic and 
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relational social brain perspective. Hopefully, the present thesis will contribute to our 

investigation and understanding of the predictive brain mechanisms involved in social 

affective cognition at both the inter- and intra-individual levels. 
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Appendix A: The empathy quotient questions and scoring key 

Responses that score 1 or 2 points are marked. Other responses score 0. For total score, sum 

all items.   

   strongly 

agree 

slightly 

agree 

slightly 

disagree 

strongly 

disagree 

 

1. I can easily tell if someone else wants to 

enter a conversation. 
2 1   

2. I find it difficult to explain to others things 

that I understand easily, when they don’t 

understand it first time. 

  1 2 

3. I really enjoy caring for other people. 2 1   

4. I find it hard to know what to do in a social 

situation. 
  1 2 

5. People often tell me that I went too far in 

driving my point home in a discussion. 
  1 2 

6. It doesn’t bother me too much if I am late 

meeting a friend. 
  1 2 

7. Friendships and relationships are just too 

difficult, so I tend not to bother with them. 
  1 2 

8. I often find it difficult to judge if something 

is rude or polite. 
  1 2 

9. In a conversation, I tend to focus on my own 

thoughts rather than on what my listener 

might be thinking. 

  1 2 

10. When I was a child, I enjoyed cutting up 

worms to see what would happen. 
  1 2 
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11. I can pick up quickly if someone says one 

thing but means another. 
2 1   

12. It is hard for me to see why some things 

upset people so much. 
  1 2 

13. I find it easy to put myself in somebody 

else’s shoes. 
2 1 

  

14. I am good at predicting how someone will 

feel. 
2 1   

15. I am quick to spot when someone in a group 

is feeling awkward or uncomfortable. 
2 1   

16. If I say something that someone else is 

offended by, I think that that’s their 

problem, not mine. 

  1 2 

17. If anyone asked me if I like their haircut, I 

would reply truthfully, even if I didn’t like 

it. 

  1 2 

18. I can’t always see why someone should 

have felt offended by a remark. 
  1 2 

19. Seeing people cry doesn’t really upset me.   1 2 

20. I am very blunt, which some people take to 

be rudeness, even though this is 

unintentional. 

   

1 

 

2 

21. I don’t tend to find social situations 

confusing 
2 1   

22. Other people tell me I am good at 

understanding how they are feeling and 

what they are thinking. 

2 1   

23. When I talk to people, I tend to talk about 

their experiences rather than my own. 
2 1   
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24. It upsets me to see animals in pain. 2 1   

25. I am able to make decisions without being 

influenced by people’s feelings. 
  1 2 

26. I can easily tell if someone else is interested 

or bored with what I am saying. 
2 1   

27. I get upset if I see people suffering on news 

programmes. 
2 1   

28. Friends usually talk to me about their 

problems as they say I am very 

understanding. 

2 1   

29. I can sense if I am intruding, even if the 

other person doesn’t tell me. 

 

2 

 

1 

  

30. People sometimes tell me that I have gone 

too far with teasing. 
  1 2 

31. Other people often say that I am insensitive, 

though I don’t always see why. 

 

  1 2 

32. If I see a stranger in a group, I think that it is 

up to them to make an effort to join in. 
  1 2 

33. I usually stay emotionally detached when 

watching a film. 
  1 2 

34. I can tune into how someone else feels 

rapidly and intuitively. 
2 1   

35. I can easily work out what another person 

might want to talk about. 
2 1   

36. I can tell if someone is masking their true 

emotion. 
2 1   
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37. I don’t consciously work out the rules of 

social situations. 
2 1   

38. I am good at predicting what someone will 

do. 
2 1   

39. I tend to get emotionally involved with a 

friend’s problems. 
2 1   

40. I can usually appreciate the other person’s 

viewpoint, even if I don’t agree with it. 
2 1   
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Appendix B: The autism quotient questions and scoring key 

Responses that score 1 point are marked. Other responses score 0. For total score, sum all 

items.  

  definitely 

agree 

slightly 

agree 

slightly 

disagree 

definitely 

disagree 

1. I prefer to do things with others rather than 

on my own. 

  1 1 

2. I prefer to do things the same way over and 

over again. 

1 1   

3. If I try to imagine something, I find it very 

easy to create a picture in my mind. 

  1 1 

4. I frequently get so strongly absorbed in one 

thing that I lose sight of other things. 

1 1   

5. I often notice small sounds when others do 

not. 

1 1   

6. I usually notice car number plates or similar 

strings of information. 

1 1   

7. Other people frequently tell me that what 

I’ve said is impolite, even though I think it is 

polite. 

1 1   

8. When I’m reading a story, I can easily 

imagine what the characters might look like. 

  1 1 

9. I am fascinated by dates. 1 1   

10. In a social group, I can easily keep track of 

several different people’s conversations. 

  1 1 

11. I find social situations easy.   1 1 

12. I tend to notice details that others do not. 1 1   
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13. I would rather go to a library than a party. 1 1   

14. I find making up stories easy.   1 1 

15. I find myself drawn more strongly to people 

than to things. 

  1 1 

16. I tend to have very strong interests which I 

get upset about if I can’t pursue. 

1 1   

17. I enjoy social chit-chat.   1 1 

18. When I talk, it isn’t always easy for others to 

get a word in edgeways. 

1 1   

19. I am fascinated by numbers. 1 1   

20. When I’m reading a story, I find it difficult 

to work out the characters’ intentions. 

1 1   

21. I don’t particularly enjoy reading fiction. 1 1   

22. I find it hard to make new friends. 1 1   

23. I notice patterns in things all the time. 1 1   

24. I would rather go to the theatre than a 

museum. 

  1 1 

25. It does not upset me if my daily routine is 

disturbed. 

  1 1 

26. I frequently find that I don’t know how to 

keep a conversation going. 

1 1   

27. I find it easy to “read between the lines” 

when someone is talking to me. 

  1 1 

28. I usually concentrate more on the whole 

picture, rather than the small details. 

  1 1 

29. I am not very good at remembering phone 

numbers. 

  1 1 
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30. I don’t usually notice small changes in a 

situation, or a person’s appearance. 

  1 1 

31. I know how to tell if someone listening to 

me is getting bored. 

  1 1 

32. I find it easy to do more than one thing at 

once. 

  1 1 

33. When I talk on the phone, I’m not sure when 

it’s my turn to speak. 

1 1   

34. I enjoy doing things spontaneously.   1 1 

35. I am often the last to understand the point of 

a joke. 

1 1   

36. I find it easy to work out what someone is 

thinking or feeling just by looking at their 

face. 

  1 1 

37. If there is an interruption, I can switch back 

to what I was doing very quickly. 

  1 1 

38. I am good at social chit-chat.   1 1 

39. People often tell me that I keep going on and 

on about the same thing. 

1 1   

40. When I was young, I used to enjoy playing 

games involving pretending with other 

children. 

  1 1 

41. I like to collect information about categories 

of things (e.g. types of car, types of bird, 

types of train, types of plant, etc.). 

1 1   

42. I find it difficult to imagine what it would be 

like to be someone else. 

1 1   
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43. I like to plan any activities I participate in 

carefully. 

1 1   

44. I enjoy social occasions.   1 1 

45. I find it difficult to work out people’s 

intentions. 

1 1   

46. New situations make me anxious. 1 1   

47. I enjoy meeting new people.   1 1 

48. I am a good diplomat.   1 1 

49. I am not very good at remembering people’s 

date of birth. 

  1 1 

50. I find it very easy to play games with 

children that involve pretending. 

  1 1 
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